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be iess ef f ic ient .  A design analysis was made o f  a 100 KH, 20 KHt power transfer device consist- 
ing o f  a rotay t rans fomr ,  power conditioning electronics, drive mechanism and heat re ject ion.  
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presetly available technologies. 
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SUMMARY 
A study was undertaken t o  investigate the f e a s i b i l i t y  o f  u t i l i z i n g  a contactless 
power transfer device t o  transfer e l ec t r i ca l  power i n  a spacecraft across a ro ta t ing  
inter face between the solar  arrays and the spacecraft body. The power was between 
100 KW and 1 MW with  primary emphasis being a t  the 100 KW level.  The study consisted 
of three major tasks; Systems Study, Design Study, and Recomnendations and Testing 
Requirements. 
The System Study was an analysis o f  several ac power transfer approaches: ro ta ry  
transformers and ro tary  capacitors, and a review of microwave methods. I n  addition, 
dc t o  ac power conditioning techniques were analyzed. As a r e s u l t  o f  the System 
Study, the ro tary  transformer was selected as the power transfer device, and the Schwarz 
resonant c i r c u i t  f o r  the power cond-iiioning. 
The Design Study covered the design o f  a 100 KW ro tary  power t ransfer device, con- 
s is t ing  o f  a ro tary  transformer, power condit ioning electronics, mechanical design, 
dr ive mechanism and heat re ject ion system. This e f f o r t  showed tha t  a 100 KW power 
transfer device i s  feasible and there are no fundamental reasons tha t  it cannot be 
achieved wi th present state-of-the-art technqi ues. 
Thz f ina l  task, Recomnendations and Testing Requirements, covered a baseline brush 
type s l i p  r ing, t es t  program and recommendations. Testing could be a problem because 
o f  the need f o r  100 KW e lec t r i ca l  power; however, the use o f  back-to-back t es t  methods 
could a l lev ia te  the power requirements substantial ly. It was recommended tha t  a 10 
KW, 20 KHz ro tary  transformer and power condi t in ing electronics be b u i l t  and tested t o  
demonstrate the concept of the ro tary  power t ransfer device. 
The future requirements for spacecraft appear t o  be i n  the magnitude o f  100 KH t o  
1 MW. I n  spacecraft which have sun-oriented solar arrays, t h i s  power must be 
transferred across the ro ta t ing  interface between the solar arrays and the space- 
c ra f t  body. Presently, power transfer across a ro ta t ing  surface i s  usually 
achieved by brushes s l i d i ng  on s l  i p  rings. As the spacecraft power, voltage and 
l i f e  requirements increase, other techniques for transferr ing power must be addressed. 
The plan o f  t h i s  study was t o  investigate alternating-cvrrent contactless power 
transfer systems i n  the range o f  100 t o  200 KW wi th  primary consideration being 
given t o  the 100 KW level  o f  power. 
Brush-type s l  i p  r ings are most comonly used f o r  t ransferr ing power across a 
ro ta t ing  spacecraft interface. These are p r imar i l y  d i r ec t  current, low voltage 
devices. Their most severe l im i ta t ions  are brush wear and brush debris. The brush 
wear l i m i t s  the operational l i f e  while the debris can resu l t  i n  voltage breakdown 
i n  the s l i p  r ing. A number o f  a l ternat ives t o  s l i p  r ings have been proposed: 
hard wired ro ta t ing  coup1 ing, power clutch, and 1 iqu id  metal s l i p  r ing.  Extensive 
test ing or appl ication o f  these have not been accomplished. Rotary transformers and 
t o  a lesser extent, ro tary  capacitors, have been also considered, generally havlng 
power requirements up t o  several kilowatts. The major concern w i th  ro ta ry  transformers 
i n  t h i s  power regime was t h e i r  size and weight together w i th  the need for  dc t o  ac 
power condit ioning electronics. However, the power requirements f o r  future space- 
c r a f t  indicate tha t  contactless power t ransfer methods might be feasible, especial ly 
when the t o t a l  spacecraft power character ist ics are considered. 
TASK I 
SYSTEM STUDY 
TASK I 
SYSTEM STUDY 
1 .0 INTRODUCTION 
Task I, System Study, i s  an analysis of two contactless power transfer techniques, 
ro tary  transformer and ro tary  capacitor, and the requ is i te  power condit ioning 
electronics. I n  addition, there i s  a review o f  microwave power transfer devices. 
One of the ground rules for t h i s  study was t o  consider AC pwwr t ransfer  systems 
rather than DC. Since the power i s  derived from spacecraft solar  arrays, power 
condit ioning i s  necessary t o  convert the DC so lar  array power t o  AC i n  order t o  be 
u t i l i z e d  by the ro tary  transformer o r  ro ta ry  capacitor power transfer device. The 
design o f  the power t ransfer  device i s  not independent o f  the power condit ioning 
because t h e i r  e l ec t r i ca l  parameters are mutually interdependent: the design of the 
power condit ioning c i r c u i t r y  must always be considered i n  context w i th  the design 
of the power t ransfer  device, and v ice versa. 
The System Study was evolutionary i n  nature w i th  assumptions changing as work 
progressed and as a f u l  l e r  understanding o f  the problem areas and t h e i r  solut ions 
became evident. For example, the i n i t i a l  approach assumed a 100 kW transfer device 
operating wi th  a square wave converter a t  a frequency o f  e i the r  25 KHz o r  50 KHz. 
An analysis o f  t h i s  sytem indicated t ha t  the requ is i te  ro tary  transformer would have 
to  be very long i n  r e l a t i on  t o  i t s  diameter, because o f  the low leakage inductance 
necessary f o r  best converter operation. It was f e l t  that  the square wave might not 
lead t o  an o p t i m u ~  system and tha t  another approach might be more advantageous. 
Discussions were held w i th  LeRC ar,d i t  was decided t o  use the recommendations of the 
General Dynamics system study as the base1 ine f o r  the contactless power t ranster  
device. One of the features o f  t h e i r  recomnendation was the use of a resonant c i r -  
c u i t  f o r  power condit ioning which eliminated the str ingent requirements for low 
1 ea kage inductance. 
The thermal design o f  the power t ransfer  device was also addressed. This i s  a 
c r i t i c a l  area because thermal problems could be a design l i m i t i n g  aspect since i n  
a space environment the heat generated by losses must be thermally conducted t o  a 
heat sink and then radiated. I f  the quant i ty  o f  heat i s  large there w i l l  be large 
thermal gradients and high in terna l  temperatures. 
As a resu l t  o f  the Task I, System Study, i t  appears tha t  the most feasible approach 
t o  contactless power t ransfer  i s  the use o f  a ro ta ry  transformer i n  conjunction w i th  
resonant c i r c u i t  power conditioning. A frequency o f  20 KHz i s  recommended a1 though 
higher frequencies could be used i f  there are overal l  system advantages. There are 
no inherent 1 imi tat ions t o  the power levels, 25 kW modules as we1 1 as 100 kW or  
la rger  rat ings can be used. 
2.0 REQUIREMENTS 
The requirements t h a t  were used as general guidel ines f o r  the r o t a r y  power t rans fe r  
device study were as def ined by LeRC: 
1. Input  Power from Solar Array 
2. Load Requirements 
a) dc 300 - 3000V E l e c t r i c  Thrusters 
b) dc 10,000 - 20,000V Communications 
c )  ac/dc 28 - 300V I n d u s t r i a l  Processing 
3 .  Ef f i c i ency  - greater than 95 percent 
4. Minimum weight 
5. L i f e t ime  - f i v e  years 
6. Rotat ional Period - 90 minutes t o  24 hours 
7. Zero g r a v i t y  operat ion 
8. Abi l  i t y  t o  withstand s h u t t l e  launch environment 
More spec i f i c  system requirements were derived from the recommendations o f  the 
General Dynamics stlrdy which were based upon t h e i r  study o f  a 250 kW system. These 
were as f o l  1 ows : 
Input  vol  tage 
Output vo l  tage 
Power per modul e 
Input  frequency 
Power t rans fer  device 
Rotary transformer 
Primary windings 
Secondary windings 
Power condi t ion ing 
440 v o l t s  
1,000 vol t s  
25 k i l owa t t s  
20 KHz 
Rotary transformer 
Each module winding connected i n  
para1 1 e l  
A l l  module windings connected i n  
ser ies. Two windings on secondary 
f o r  redundancy 
Resonant c i r c u i t  
These recomnendations were used as a basis f o r  power transfer device study with the 
exception o f  frequency. The operating frequency was considered i n  the 20 KHz to  
50 KHz range because o f  the possible weight saving a t ta inable  i n  the ro tary  trans- 
former. 
3.0 POWFR T2ANSFER ELECTRONICS 
3.1 Introduction 
The power transfer electronics studies w9re predicated on the resu l ts  of a General 
Dynamics study performed for  NASA-LeRC, which recomnend resonant A.C. power d is-  
t r ibut ion.  Figure 3-1 presents a block diagram o f  the parts o f  the system which 
i ~ v o l v e  the ro tary  power transfer device. Figure 3-2 provides de ta i l s  of the 25KhJ 
"module" assuming a series resonant converter. It was presumed tha t  the rotary 
transformer primary would be an e f f i c i e n t  place t o  obtain the series inductance 
needed. The studies objectives were t o  determine c i r c u i t  element values, power 
losses, and s iz ing parameters t o  provide a basis f o r  rotary t ransfer devices designs 
and system effectiveness evaluation. 
3.2 Sunmary Conclusions 
Using a 20KHz switching frequency design as a basis, there i s  no advantage i n  the 
electronics t o  go to  higher frequencies. The basic parts for a set  of electronics 
for a 25W module would weigh about 15 pounds and have about 500 watts (2%) losses. 
There are few obvious advantages t o  the series resonant topology for the ro tary  
transfer elements; i t  w i l l  tdke detai led c i r c u i t  simulations t o  evaluate a "non- 
resonant" approach. There i s  no electronics + r i ck  t o  make a ro tary  capacitor a 
viable system approach. 
3.3 Optimization Factors 
I n  order t o  evaluate electronics designs i n  the system environment, the designs were 
optimized for  minimum weight (equating cost t o  weight since there were no design, 
development, o r  production d i f f i cu l t i es  caused by the optimization) . Weight para- 
meters for the electronics parts are explained i n  section 3.6. The weight was 
optimized based on a system weight penalty of .0122 pound per watt. The .0122 lb /  
watt (82 wat t l l b )  i s  derived from a heat re ject ion penalty of 4.75 IbIKwatt and an 
array source power weight ( t o  o f f se t  the losses) based on 135 w a t t l l b  (300wIKgm). 
The heat re ject ion factor i s  based on holding 80°C "baseplate" i n  Figure 2-19 of 
Reference 1. The array factor i s  an engineering estimate. 
3.4 - Resonant C i r cu i t  Topolagy Discussion 
The resonant, or  Schwarz topology, i s  described i n  l i t e r a t u r e  (References 2 and 3).  
1 t s  primary advantage i s improved ef f ic iency due t o  reduced r w i  tching losses because 
the switching devices turn o f f  a t  essent ia l ly  zero current and turn on a t  a current 
considerably lower than the peak c i r c u i t  current. This i s  accomplished by having a 
Rotary 
Joint  
I npu t 
D.C. 
-440 Volts 
t 
4 I 
Choppi ng Rotary 
Electronics Devi ce 
jodule 1 I 
Output 
1000 v .  
Figure 3-1. 250 Kilowatt Power Transfer System 
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sinusoidal current waveform i n  a bas ica l ly  series resonant L-C c i r c u i t .  By judicious 
design of the c i r c u i t  element values and control  of the tu rn  on time o f  the switches, 
the resonant c i  r cu i  t i s  made t o  r i n g  i n  a safe manner. The dominant capaci tance i n  
the c i r c u i t  must be the primary side, C1 i n  Figure 3-2, so the loads are required 
t o  r e f l e c t  a large capacitance. Likewise, the inductance must be design control  led, 
so the re f lec ted  inductance must be e i t he r  neg l ig ib le  o r  known and stable. For t h i s  
study, i t  was presumed tha t  the system w i  11 r e f l e c t  large capacitance and neg l ig ib le  
inductance. While the current i s  sinusoidal, the transformer primary and secondary 
voltage waveforms are square. 
Several basic p r i  nc i  ples control  the c i  r c u i  t waveforms and component val ues . When 
a set  of switches turn on, i t  has the e f f ec t  of pu t t ing  a step function on a series 
L-C c i r c u i t  which has a set of i n i t i a l  voltage and current conditions as depicted i n  
Figure 3-3. If the loads t r u l y  r e f l e c t  as capacit ive and the other series r es i s t i ve  
elements are qu i te  small (and they must be if there i s  t o  be high eff iciency power 
transfer), then the current w i l l  be an undamped sinusoidal waveform w i th  a character- 
i s t i c  frequency determined by the primary side L-C values. When the resonating 
current goes through zero, the voltage on the transformer (instantaneously) reverses 
and the current flows i n  the clamping diodes. This again, produces the e f fec t  of a 
step voltage on the L-C c i r c u i t  w i th  an i n i t i a l  vo1 tage on the capacitor. For normal, 
f u l l  load operation, the capzcitor voltage a t  the ins tan t  of primary current reversal, 
i s  greater than VIN plus the ref lected transformer voltage, so the current continues 
t o  increase i n  the reverse di rect ion.  Af ter  some delay, the opposite set  of switches 
turn  on and we are back t o  the beginning. 
Using the above descript ion and the waveform and de f in i t i ons  o f  Figure 3-4, the 
c i r c u i t  can be analyzed s ta r t ing  a t  the peak capacitor voltage, V, when the resonant 
current reverses. Since the waveforms are always sinusoidal w i th  a character is t ic  
frequency,F-resonance,it i s  convenient t o  define events i n  terms of degrees of tha t  
resonant character ist ic .  
Then: 
C- 
ITI = ~V~-V,,(I+Q)I~+ s i n  ( t /  fi) 
- describes the current whi le the clamp diodes are conducting 
from resonant current reversal u n t i l  the next set o f  switches 
turn on. 
A. Conditions j u s t  a f t e r  current  reversal before S1 and S4 turn  ON 
B. Conditions j u s t  a f t e r  S1 and S4 turn ON 
Figure 3-3. Resonant Ci rcu i  t 
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Switches > 
1 and 4 turn ON 
Switches -2 
2 and 3 tu rn  ON 
Def i ne: 
y/= angle between resonant current  zero crossing and bridge switch 
ac t i va t ion  i n  terms o f  degrees. 
e = the star tup angle of the high power (switches conducting) por t ion 
o f  the remnant cycle. 
V, = voltage across C 1  when the resonant current  IT, i s  zero before SW 
1 and 4 tu rn  ON. 
I P = peak sinusoid current. 
I t  = primary current when power switches tu rn  ON. 
Figure 3-4. Waveform Descript ion and Parameter Def in i t ions 
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= [ v , - v , , ( ~ + Q ) ] ~ ~  ( s i n y  fi s i n  (t/fi + e) 
where ~ = p ~ ~  IN +(V 1 -V I N  ( l+Q)) C O S Y ] ~  +I 
[vl-vIn(l+9)12 s i n  2 Y  
- describes the current af ter  the switches turn on u n t i l  the current 
d i  rec t ion again reverses. 
Since the hal f  cycle waveforms must by symnetrical i n  steady s ta te  operation, a t  the 
second current reversal the capacitor voltage must now be /vl/. but w i  t h  opposi t e  
po lar i ty .  Using OVC = and the fact tha t  the half cycle ending voltage 
i s  -V1, an expression for  V1 can be obtained: 
1 = 112 [[vl-vI,(l+Q)l c s i n y  6 
+[vl-vIN(l+Q)1 [ l - c o s y  1 (3)  
where e = tan -1 [vl-vIN(l+Q)l s in \y  
2vIN+[Vl -VIN( 1+Q) 1 c o s y -  
Notice tha t  equation (3) does not contain any L, o r  C, o r  power related terms; the 
character ist ics o f  V1 and the current waveforms are a function o f  the c i r c u i t  topology. 
Table 3-1 presents the resu l ts  of solving equation (3) by numerical methods. 
Table 3-1. Peak Capaci t o r  Vol tages 
Y- 
Deg . 
170 
135 
11 3 
90 
7 7 
6 7 
I 45 
! 35 
L 
VIN = 660 
Q = 0.606 
V1 -Vol t s  
1322 
1378 
1479 
1749 
VIN = 440 
Q = 0.9 
e-Deg . 
2.5 
11.6 
18.4 
28 
V1 -Vol t s  
880 
888 
901 
929 
960 
1000 
1265 
1862 
e-Deg . 
0.5 
2.5 
4.0 
6.0 
7.6 
9.1 
14.5 
19 
A 4S0Y minimum i s  recomnended (References 2 and 3), and, since tha t  already repre- 
sents over 2500 Vpp on the capacitor, t h i s  seems reasonable. 2500 vo l t s  o f  A.C. w i l l  
present some corona control  challenges, but t h i  s leve l  should not require technology 
advances. Notice tha t  the voltage rap id ly  increases i f  the VIN i s  unregulated. A 
Q of .606 and a VIN of 660 provides the same 400 v o l t  "output" as 440 vo l ts  i n  and a 
Q of 0.9. Once t h e y a n g l e  gets t o  180°, the c i r c u i t  goes i n t o  a d i f fe ren t  mode of 
operation which was considered beyond the scope of t h i s  study t o  investigate, because 
i t  does not appear t o  necessitate any changes t o  the c i r c u i t  element values o r  higher 
stress on the power transfer device. More deta i led analyses, using computer simula- 
t ions would be needed t o  accurately evaluate the system and transfer device operation 
i n  t h i s  mode. 
Since the power del ivered t o  the load i s  400 vo l t s  ( the transformer primary voltage) 
t i m e s k d :  and / i d t  = AVClp, then the power del ivered each h a l f  cycle i s  400 x 7 C x 2V1 x 7 . The correct C value f o r  a given power level,  V1 (a funct ion of VIN, 
\bRm, and yMIN), and switching frequency (FSy) i s :  
From equation 4 we see tha t  for  a given power, voltage, and switching frequency, C 
can only be made smaller by increasing V V1 can only be increased by r e d u c i n ~  \Ymin, 1 ' 
which i s  impractical due t o  c i r c u i t  control problems. ( A ~ Y  3 0 ,  you approach 
applying a square wave exc i ta t ion on a very underdamped series L-C c i r c u i t  r i g h t  a t  
i t s  resonant frequency , which would produce enormous voltage and current waveforms. 
The %'angle controls the amplitudes because i t  means the exc i ta t ion  frequency i s  a 
l i t t l e  below the resonant frequency.) Therefore, the C i n  equation (4) cs the 
small es t pract ica l  value, which precludes making a ro ta ry  capacitor transfer device 
viable by using a considerably smaller ualue. 
The resonant and switching frequencies are re lated by y a n d  e (see Figure 3-41 since 
a ha l f  cycle o f  the switching frequency corresponds t o y  *(180-e) degrees of the re-  
sonant character ist ic .  Thus: 
- 
Using equation (5), and FRES = 1/(2 TTG), and equation (4). the term Y C l L  i n  
equations ( 1 )  and ( 2 )  becomes 
so the current equations can be wr i t ten i n  terms of power, Q, and tlte parameters 
determined by a selection o f  \Y. 
The resu l ts  o f  the above analysis provide values f o r  capacitance, inductance, and 
the current/voltage waveforms. Values f o r  the parameters were determined t o  provide 
design constraints ( Im,  VM, Primary ~nductance) f o r  the ro tary  transformer where 
the c i r c u i t  inductance was developed by bui l d i  ng i n  leakage reactance. 
The factors contr ihuting t o  power losses were studied and a model developed t o  
analyze the ef fec ts  of frequency, y mi", and switching electronics parameters on 
system weight and losses. Since the capacitor function cannot be done w i th  ex is t ing 
components, i t  was assumed the ESR would be about 33% be t te r  than ex is t ing lower 
voltage types of metal ized p las t i c  capacitors. A seriesed/paral l e l  arrangement of 
400 v o l t  types would produce about 40 m i  11 iohm fif ESR. The 33% reduction t o  30 m i  11 i- 
ohmpf should resu l t  from using special ly  made higher voltage rated devices so the 
seriesing factor w i l l  be reduced. The losses i n  the capacitor were computed by: 
Since a very small capacitor would resu l t  i n  large losses, the capacitor losses 
were optimized by determining the capacitor weight corresponding t o  minimum system 
weight penalty. I t  was assumed tha t  the u n i t  capacitance could be reduced while 
holding the ESR pf factor  approximately constant ( f o r  instance by shortening the 
length) then adding more un i ts  i n  para l le l  t o  obtain reduced e f fec t i ve  ESR. 
One could then say the system weight penalty i s :  x (KC) + PLOSS x -0122 
where: .0122 i s  the system lb/watt optimization factor 
CUT = 3 lb /p f  (capacitance spec i f ic  weight) 
- 2 .03 
dnd 'LOSS - IRMS x ; where K i s  the r a t i o  o f  basic specif ic 
capaci tance t o  optimized spec i f ic  capacitance 
As an example, if the specif ic capacitance was reduced 50%, K would be 2, the power 
losses would be halved and the capacitor weight would be doubled. Substi tut ing, 
d i f ferent iat ing,  and solving f o r  the KopT: 
Looking a t  the equation for  capacitor weight and the losses, the C w i l l  cancel out 
and these factors become only a funct ion o f  IMs. This means minimum system weight 
i s  constant w i th  frequency, since INS w i l l  be l a t e r  shown t o  be a function o f  only 
\Y for  a given power level .  Therefore, when the capacitor loss factors tendency t o  
increase w i  t h  higher frequency (because 1 ess capaci tance 1 s needed) i s optimal l y  
compensated for by adjust ing the capacitor design, there i s  constant t o t a l  system 
weight penalty. 
Some simpli fying assumptions were made t o  compute power losses i n  the switching parts 
of the electronics. While the switches ( t rans is tors)  are on, the current i s  assumed 
to  be a half  cycle of a sinusoid. The VCE character is t ic  i s  approximately a res is to r  
defined as R = V C E p / I p  where VCCtp i s  the saturat ion voltage a t  Ip, the peak value o f  
the sinusoidal current. The I& x R value i s  then 1/2 Ip VCEp. The base d r i ve  
voltage was assumed t o  be constant and the dr ive was 1/8 o f  IC. This power i s  then 
.037 Ip /8  x V B E  The clamp diode was assumed t o  have a constant voltage and the 
current t o  have a t r iangular  waveform from zero t o  an It, so the power dissipat ion i s  
1/2 It x VF. The t rans is tor  turn  on and diode turn  o f f  losses were estimated per 
Figure 3-5. The t rans is tor  turn o f f  losses associated w i th  base d r i ve  were assumed 
as 1/25 o f  the peak co l lec tor  current being drawn o f f  a 5 v o l t  supply f o r  the durat ion 
o f  the t rans is tor  storage time. Accounting f o r  the upper and lower pa r t  of the bridge 
drive, the equation for  power loss i s :  
P = 2 x  Ip I Y [ [ 5 v C E p ' ~ v B E )  (;::I:+~ j t v F X  7 x n 8 0 - e t  ) 
I I I t + VI1 [k 2 1 1 1 ~ 1  * REC x 'RE( x 2 Fsw + 5 x P x storage x 2 -2 25 
Where: I,, = peak resonant current 
IT = current a t  switch tu rn  
VCEp = switch drop a t  Ip 
VBE = switch base-mi t t e r  voltage 
VF = diode forward voltage 
t~~ SE = switch current r i s e  time 
t~~~ = diode reverse recovery time 
I REC = diode peak reverse current 
ts torage = switch storage time 

FSW = switching frequency 
VIN = 440 v o l t s  
e and \i; per Figure 3-4 . 
3.5 Non-resonant Switching Approach 
I t  may be possible t o  remove the ser ies capacitor and d r i v e  a minimum inductance 
transformer w i t h  a somewhat pulse width modulated .quare primary waveform. Such an 
approach woltld c e r t a i n l y  work if a l l  user loads re f l ec ted  a high impedance (i.e. an 
inductance). This approach requires minimum leakage inductance, but the pulse width 
modulation capab i l i t y  (which a lso  e x i s t s  t o  modulate i n  the resonant approach) 
would overcome voltage uncer ta in t ies  and permit load and 1 i ne  regulat ion. Modest 
9;alues o f  p a r a s i t i c  inductance would not  s i g n i f i c a n t l y  r a i s e  losses if the reac t i ve  
k ick  i s  e f f i c i e n t l y  recaptured instead o f  dissipated. The clamping diodes 6s the 
primary w i l l  accomplish t h i s  for. the  major stored p a r a s i t i c  energy, the primary leak- 
age reactance. 
The transformer primary !toltage i s  now j u s t  400 VRMS and the  current  about 65 ARMS. 
Assuming about 90% duty cyc le a t  f u l l  load and power losses f o r  t u r n  on and t u r n  off, 
per the t rans i s to r  tu rn  on diagram o f  Figure 3-5, the switching e lec t ron ics  power 
losses would be: 
VcEp%] X 9 + vIN 
x 'storage + FSW} 
where: Ip = peak square cur rent  - 69 amp 
t~~~~ = switch cur rent  f a l l  time 
t ~ ~ ~ ~ 9  tstorage' F ~ ~ s'IN* 'CEP' 'BE Same as 
ser ies resonant d e f i n i ~ i o n s  previously given. 
I f  the primary current  could be ramped on and o f f  somewhat, using the leakage reactance 
t o  advantage, the t rans i s to rs  may not  have t o  tu rn  on the f u l l  power current.  This 
could reduce the t r a n s i s t o r  d iss ipat ion,  making the non-resonant approach more 
a t t rac t i ve .  
3.6 Siye and Weight Factors 
Both the resonant and non-resonant t o p ~ l o g i e s  w i l l  requ i re  an input  f i l t e r  t o  keep 
the array load approximately ccnstant. For 0.1% (25 wat t )  loss, a s u f f i c i e n t  in-  
ductance input  choke w i l l  weigh about 1.5 pounds. Four hundred vo l t ,  low ESR 
capacitors w i l l  cost  about 0.075 pound per pf. The resonant design w i l l  requ i re  
about 45 fif and the non-resonant about 30 ~f t o  stay w i t h i n  device current  ra t ings .  
Both designs w i l l  requ i re  2 1/2 t o  4 pounds o f  c o n t r o l l i n g  e lec t ron ics  and wir ing.  
A hasic 20KHz resonant design, when about 2 1/2 pounds, i s  included fo r  the h igh 
power capacitors, would contain about 15 pounds of parts. There w i l l  be add i t iona l  
weight required t o  mount and cool these parts, bu t  t h i s  weight w i l l  be determined by 
the meci~anical/thermal constra ints o f  the actual  usage. A lcw weight approach would 
keep the e lec t ron ics  very close t o  the r o t a r y  power transfer device and would attempt 
t o  use the s t ruc ture  t h a t  supports and cools the transformer t o  a lso  support and cool 
the e lec t ron ics  t o  minimize system weight. Another cpproach would be removable 
modules, located somewhat together t o  f a c i l i t a t e  construction, tes t ,  and repair ,  which 
would probably be the heaviest approach. Thus, the weight penalty f o r  the  e lec t ron ics  
could be from 19 t o  30 pounds. The volume needed t o  contain the e lec t ron ics  would 
l ikewise have about a +33% uncertainty. I n  addit ion, i f  you add the ar ray  and rad i -  
a to r  penalty t o  cover the losses (.0122 lb /wat t  x 510 watt) ,  the system weight penalty 
i s  25 t o  36 pounds. 
The above weights are f o r  the t rans fe r  e lectronics;  the system w i l l  requ i re  a master 
clock and contro l  func t ion  t o  cont ro l  the d i f fe rent  modules and provide the l o g i c  
for  the regu la t ion  o f  the u l t imate  output. 
3.7 Tradeoff Analyses Resul t s  
S tar t ing  w i t h  waveform de f in i t i ons  from equations (1) and (2), the terminal voltage 
for  a transformer containing the resonant c i r c u i t  inductance was determined. This 
was needed t o  determine the  r o t a r y  transformer actual  operat ing voltage. Figure 3-6 
presents these waveforms. The RMS voltage and currents were determined graph ica l ly  
from these waveforms. As was noted i n  sect ion 3.4, the nominal design i s  a Y m i n  
of 45°C. A 35' 'y min curve i s  given t o  show the la rge increase i n  voltage t h a t  pro- 
duces. A 'y o f  45" i s  on ly  2 p s  a t  a switching frequency o f  50KHz. The cont ro l  elec- 
t ron ics  and switch storage times may need 3)s minimum delay, (based on cur rent  
technology), so 77" may be the smal l e s t  y min obtainable i f  the swi t c h i  ng frequency 
was t o  be 50KHz. Accordingly, Figure 3-6 a lso shows the waveforms for  a 7 7 O y .  To 
i l l u s t r a t e  what happens when a l i g h t e r  load cond i t ion  occurs, Figure 6 a lso  shows the 
waveform f o r  a 4 5 O y  min design a c t u a l l y  operat ing a t  a Y o f  170'. What happens i s  
the appl ied switching frequency has been reduced t o  60% o f  the design ( o r  f u l l  power) 
switching frequency. The important th ing  t o  check here was the r e s u l t i n g  VRMS appl ied 
to the transformer a t  the lower actual  frequency t o  determine the operat ing f lux .  The 
170" actual means the power being t ransferred would be about 42% of the design load. 
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Table 3-11 presents the c i r c u i t  element values and other design parameters for the 
dif ferent desilns that  were studied. Notice tha t  the current i s  only a funct ion o f  
for constant WIN, Q, and parer. Using these values, and assumed values for loss 
contr ibuting parameters as l is ted,  the resu l ts  of Table 3-111 were computed by the 
methods described i n  sections 3.4 and 3.5. I h e  top 3 sections are resonant approach, 
the bottan 3 are the non-resonant approach. The worst case parameters re f lec t  "spec" 
values for conceivable parts without special t es t  and selection. The nominal values 
are what the parts would usually do. With the high cost of watts for  t h i s  application, 
i t  was presumed tha t  par t  selection and t es t  (for a somewhat higher pr ice) would be 
done to  assure the worst case pa r t  would meet the nominal parameters. 
The cmpari  son analysis i s  based on the 2 W z ,  4S0 y resonant design. The other 
designs are compared to  the basi for  de l ta  weight by adding -0122 lb/watt f o r  any 
chopper o r  capacitor losses over 459 watts (subtracting weight for  losses less than 
459 watts), and any capacitor weight over 2.3 1b (subtracting 4.5 l b  f o r  the non-re- 
sonant design t o  cover the input f i l t e r  and power capacitor differences). This 
comparison shows higher frequency offering no savings i n  the electronics, even i f  the 
switch t o  FETs i s  made. The natural tendency for increased losses a t  higher frequency 
i n  the transformer i s  not eas i ly  compensated for by weight reduction due t o  s ize con- 
s t ra in ts  posed by the appl icat ion i n  a high power ro tary  transformer- Thus, there 
w i l l  not l i k e l y  be enough weight saving i n  the ro ta ry  transformer t o  o f f se t  the 
electronics and transformer system weight penalty f o r  the higher power losses. The 
only apparent potent ia l  f o r  weight saving would be i n  non-resonant dr ive (a negative 
A i n  the comparison). Since the transformer voltage i s  also reduced, there may also 
be weight saving i n  the transformer. This saving i n  the ro tary  device and electronics 
nay be of fset ,  though, by weight penaltip: a t  the ul t imate power user due t o  the 
d i f fe ren t  voltage/current waveforms. When considering the t o t a l  weight of electronics, 
rotary device, and heat dissipator, no s ign i f i can t  differences can be found between 
designs. A review o f  the loss equations shows tha t  a l l  factors are related t o  the 
power being processed, the small base power needed f o r  controls i s  neg!igible. Since 
the capacitor weight and losses are also d i r ec t l y  re lated t o  power (equation 41, 
these comparisons are v i r tua l l ) .  independent of the power level. 
3.8 Parts Investigation 
To determine c i r c u i t  f e a s i b i l i t y  and t o  develop parameters for the loss analysis, 
current capacitor, diode, and t rans is tor  devices capabi 1 i t ies  were examined. 
The input D.C. fi i te r i ng  application requirer; low L' -4  capacitors capable of with- 
standing 440 t o  1000 volts. Currently, therd are 3evera l  metalfzed p las t i c  f i l m  
Table 3-1 I .  Trade-off Designs Parameters 
VIN ' 440V 
Q = 0.9 
Pow = 25Kwatt 
r 
'7 Assumptions Study Results 
i' 1 Switching 
Frequency 
KH 2 
20 
20 
2 5 
50 
\Y 
Deg . 
4 5 
35 
45 
50 1 :: I I 'EL.6 
Resonant 
Frequency 
KHz 
23.4  
21.8 
29.2 
RMS 
7 0 
(70 
7 0 
7 0 
74 16.2 
" 1 
Volts 
1265 
1862 
1265 
I T 1  a t  
Swl tch turn OM 
Amps 
2 7 
3 3 
27 
2 7 
17 
C 
,uf 
,62 
.42 
'49 
$ 2 5  
3 3  
8 
Deg. 
14.5 
19 
14.5 
14.5 
L 
#h 
75 
127 
60 
30 
.
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types wi th ra t i ~ rgs  of 400 volts. Seriesing could be done t o  obtain sat isfactory 
performance and perhaps special devices could be obtained w i th  about 1GOO (D.C. ) v o l t  
rat ings. The power coupling capacitor w i l l  require u l t r a  low ESR and very high A.C. 
rat ings. The most l i k e l y  best -d ie lect r ic  material would be tef lon, t o  obtain the 
low losses and high temperature rat ing, ra is ing the concern of rad ia t ion effects. 
According t o  Component Research Co., t e f l on  capacitors for  a 2500 Vpn appl icat ion 
would require seriesing f o r  voltage ra t i ng  and the bare capacitors would weigh about 
1.5 pounds per pf. Due to  t h i s  type o f  capacitor's low weight but bulky characterist ic, 
the packaged weight (potting, wiring, and mechanical support) would be about 3.0 
pounds per p f .  
Switching devices are avai lable today wi th  su f f i c i en t  voltage rat ing,  or suff ic ient  
current rat ing, but not both wi th  f as t  enough switching characterist ics. Devices such 
as the Westinghouse D60T or  Power Tech PT-3515, have voltage ra t ings nearly adequate 
i t  the system input voltage range i s  l imi ted.  These two devices could be used i n  the 
resonant approach since spl i tti ng the capaci i o r  function w i  11 provide current 
sp l i t t i ng ,  so the devices would be e f fec t i ve ly  paral leled. It would take two devices 
for each switch t o  approach the 25KW level.  The same approach could be used t o  s p l i t  
the current among more smaller, faster, and more derated devices. To stay w i th  the 
faster devices, i t  w i l l  s t i l l  be necessary t o  cocstrain the systen input voltage. The 
sat voltages, VsE, and switching times used i n  the power loss analyses are consistent 
wi th  the large devices l i s t e d  above. A promising device f o r  reduction of switching 
power losses i s  the power FET. The Internat ional  Rec t i f i e r  HEXFET devices have 
voltage rat ings approaching the 500 v o l t  region. The devices appear t o  offer ease of 
para l le l ing t o  obtain a desired OW resistance. For the loss analysis, i t  was simply 
presumed tha t  t h i s  rap id ly  advancing technology would soon be capable of providing a 
10 m i l l  iohm ON resistance by para l le l ing an acceptably small number of devices. The 
resul ts showed that  the devices speed (assumed consistent w i th  the I .R. IRF350 device) 
was so e f fec t i ve  i n  reducing switching losses, tha t  a higher ON resistance i s  pro- 
bably competitive. 
Power diodes t o r  the clamping function wi th  good speed a r e  a v a i l a ~ l e  a t  400 v o l t  
rat ings (lN3913), and also wi th excel lent speed (Unitrode UES806). I t  seems l i k e l y  
that  selection from these fami l ies w i l l  produce sui table devices if the input voltage 
range can be constrained. The loss equations parameters were based on the UES806 
characterist ics. 
3.9 Future Study Recomnendations 
Basic weights of the electronics and ro tary  transfornur are minimized around 20KHz 
switching frequency and are proportional t o  the power being processed. The system 
weight penalty w i  11 depend on power losses. To trade o f f  resonant versus non-resonant 
dr ive topologies, detai led c i r c u i t  operation simulations are needed t o  bet ter  de- 
termine chopping electronics and ro tary  transformer losses. A high power ( >2W) 
ro tary  transformer should be b u i l t  t o  ver i fy  loss and reactance effects models. This 
i s  necessary because a serious system design would seek t o  optimize the ro tary  trans- 
former then design the switching frequency around the actual react ive character ist ics 
of the optimum transformer. System requirements must be refined concerning input 
voltage range. Switching electronics device avai l ab i  1 i t y  drops rap id ly  if input 
voltage w i  11 swing 2 t o  1 (up t o  800 o r  1000 vol ts) .  The resonant approach w i  11 re- 
quire u l t r a  low loss, high voltage capacitors. A f e a s i b i l i t y  prototype must be rnade 
t o  accurately determine power loss factors. The s ing le  most promising d e v e l o p n t  t o  
reduce system weighc would be high speed switches, most l i k e l y  FETs. Due t o  the 
marketplace needs o f  switches f o r  o f f l i ne  power supplies, devices rated a t  3GO t o  400 
vol ts  are already avai lable and w i l l  p ro l i fera te .  There i s  much less comnercial im-  
petus t o  500 t o  iOOO v o l t  devices which are needed f o r  t h i s  appl icat ion i f  input 
vol tage var ia t ion must be tolerated. Therefore, device development may have t o  be 
stimulated by technology development funding. 
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4.0 ROTARY TRANS FORHER 
The ro ta ry  transformer i s  a prime candidate f o r  the power t ransfer  device: i t s  
pr incip les o f  operation are well known, i t  i s  a r e l a t i v e l y  e f f i c i e n t  device, i t  can 
provide any desired voltage output, and there are no inherent d i f f i c u l t i e s  f o r  opera- 
t i o n  i n  a space enviroment. The ro ta ry  transformer transfers e l ec t r i ca l  energy 
between i t s  windings by electromagnetic induction. The windings are placed i n  
magnetic cores t o  minimize the exc i ta t ion required and t o  increase t he i r  coupling. 
The cores are separated by arl a i r  gap, made as small as possible t o  reduce losses, 
and ro ta te  r e l a t i v e  t o  each other. 
Rotational periods o f  between 90 minutes and 24 b u r s  required f o r  space appl icat ions 
do not  present any problems. However, very high ro ta t iona l  speeds might present 
sane mechanical problems o r  increase i n  losses. 
4 -  1 CONFIGURATION 
There were two baseline configurat ions which were considered f o r  the ro ta ry  trans- 
former: concentric cy l inder and para l le l  cy l inder.  These are shown i n  Figures 4.1 
and 4.2. An advantage o f  the concentric cy l inder conf igurat ion i s  tha t  the magnetic 
forces between the primary and secondary cores are low, being a funct ion o f  the 
mechanical eccent r ic i ty  o f  the gap between them and can be kept small . The secondary 
winding i s  somewhat harder t o  wind than the primary because i t  i s  on the ins ide 
diameter o f  the core. However, t h i s  can be overcome, a t  the expense o f  adding a 
small a i r  gap, by having a s p l i t  secondary core and inser t ing the winding i n to  one 
ha l f  o f  the core. The two core halves would then be attached t o  each other. The 
para1 1 el cy l  inder approach i s  easier t o  wind; however, the ax ia l  magnetic forces 
between them w i l l  be very large. Some reduction o f  these magnetic forces can be 
attained by using mu l t ip le  cores stacked l i n e a r l y  on the shaf t  and i n  the housing. 
This adds mechanical complexity t o  the design. 
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The se lec t ion  o f  the r o t a r y  transformer core geometry i s  complicated by the t d ~ .  
tha t  the magnetic f l u x  i n  the  core has t o  t rave l  i n  two d i rec t ions ,  r a d i a l l y  and 
a x i a l l y .  This means t h a t  the  magnetic core mater ia l  must be e i the r  i so t rop ic  o r  
tha t  two separate magnetic cores must be used t o  preclude magnetic f l u x  from having 
to  traberse the a i r  gaps between laminations. 
The concentr ic cy l inder  approach was selected as being the most appl icable f o r  t h i s  
appl i c a t i o n  for the  fo l lowing reasons: 
1 . Permits the use of modules as recommended by the  General Dynamics study. 
2. The f a i l u r e  o f  a module would n o t  cause a x i a l  magnetic forces. 
3 .  Easier t o  mainta in small a i r  gap clearances. 
4.2 CORE MATERIALS 
The primary requirements f o r  magnetic mater ia ls  are  high permeabi l i ty,  h igh satura- 
t i o n  f l u x  densi ty  and low losses. I n  the  r o t a r y  transformer, t h e  advantages o f  h igh  
permeabil i t y  f o r  the core mater ia l  i s  not as s i g n i f i c a n t  a f a c t c r  as i n  closed mag- 
net ic  c i r c u i t s  because o f  the  presence o f  the  a i r .  Two categories o f  mater ia ls  were 
considered f o r  the  r o t a r y  transformer: ferrous and f e r r i t e .  The fo l lowing i s  a 
summary o f  the propert ies o f  candidate mater ia ls :  
Magnetic Propert ies o f  
Candidate Core Mater ia ls  
I 
Propertl es 
Saturation Flux (gauss) 
! 4 a x l m  Penneabillty 
Coerclve Force (oersteds 
Core  Loss (watts/ lb) 
f 8 1000 hz/8 10.000 Gauss 
f 0 i0.000 Hz/B 10.000 Gauss 
Curle Tenpetature ( O C )  
A v r l l a b f l i t y  
- -- - - 
h r p h o u s  A1 loy 
Fletglas 2605 
(A1 1 ied Chemical ) 
15.000 
20t.000 
.04 
.5, as cast 
-1.  annealed 
50. as cast  
25. annealed 
375 
R I  bbon 
- - - 
50XN1 - 50: Fe 
Oel tamax 
(Arnold Enqrg. ) 
16.000 
130.000 
.1 
8 
80 
480 
W i t * .  Ribbon 6 Sheet 
- - - - - -  
F e r r i t e  
!W 60 
(Ceramic Rag., Inc. ) 
4,500 
10.500 
.08 
50 w / c c  
a t  20 KHz. 
2000 gauss 
185 
Rods 
. , 
- _-., Ohtsbll r ,  \-. .\ -.. . 
OF POUR QUAI.!n 
Figure 4.3. 
- 
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The fol lowing sumnarizes the character ist ics o f  the f e r r i t e  and ferrous materials. 
Fer r i te  
Ferrous 
Advantages Disadvantages 
Magnetically isotropic.  Low operai l  ng teinpera- 
Low losses a t  high ture, 125 C max. Low 
frequency. operating f 1 ux densi t y  , 
2500 gauss, max. 
High operating f l u x  Large high frequency 
density. High operating losses. Requires com- 
temperature. plex magnetic core 
structure. 
MN60 f e r r i t e  material was selected rather than a ferrous material pr imar i ly  because 
o f  i t s  iso t rop ic  character ist ics and low losses t ha t  i t  exh ib i ts  a t  high frequencies. 
It was recognized t ha t  the f e r r i t e  material d i d  have shortcomings because o f  i t s  low 
f l ux  capabi l i ty  and i t s  temperature sens i t i v i t y .  Figure 4.3 shows the core loss 
as a function o f  frequency and f lux density for MM60, 3C8 and Metglas. 
4.3 WINDING DESIGN 
The transformer winding can be fabricated as a wound c o i l  o f  insulated round w i r e .  
An a1 ternat i  ve winding configuration would consist o f  a strip-wound co i  1 having 
conductors which are wide insulated t h i n  s t r ips .  The optimum c o i l  geometry i s  
based on c r i t e r i a  which include: eddy-current losses, f i l l - f a c t o r ,  and ease o f  
fabricat ion. 
The strip-wound c o i l  has the primary advantages of good fi 11 fac tor  and could have 
low eddy current losses. This type o f  winding does have a po ten t ia l l y  serious 
disadvantage o f  producing high eddy current losses which would resu l t  from rad ia l  
components o f  1 eakage f 1 ux which cross the conductor. I n  addi t ion s t r i  p-wound 
co i l s  are d i f f i c u l t  t o  transpose i f  t h i s  were required t o  reduce the eddy current 
1 osses. 
A wound c o i l  consist ing o f  transposed insulated wire, l i t z  wire, was assumed f o r  
the ro tary  transformer. The major disadvantages o f  l i t z  wire are i t s  low f i l l  
fac tor  and many conductors. However, because of the concern for  eddy current 
losses, possible rad ia l  components of leakage f lux  and ease of transposition, 
i t  was f e l t  t o  be superior than s t r i p  wound co i l s .  It might be possible tha t  
f o r  ro tary  transformers having power ra t ings i n  excess of 25 Kw o r  those requ i r -  
ing low inductance because of square wave operation, s t r i p  wound c o i l s  might be 
better. 
4.4 ROTARY TRANSFORMER DESIGN 
I n  the design study o f  ro ta ry  transformers there were many parameters which could 
be varied. I n  order t o  be able t o  compare various designs and t o  keep the rumber 
of variables t o  a minimum, guide1 ines were establ i shed. 
1. Maintain minimum air-gap clearance t o  reduce the magnetizing current. 
Assume minimum air-gap clearance of .O1 inches. 
2. Match the leakage inductance t o  tha t  required by the power condit ioning 
t o  el iminate the need f o r  external inductors. 
3. Use MN60 f e r r i t e .  Do not exceed a core f l u x  density o f  2,500 gauss, 
regardless of frequency. Do not exceed a temperature of 125'~ i n  any 
par t  o f  the core. 
4. Use stranded insulated conductors, such as l j t z  wire t o  reduce eddy 
current losses. Conductors must be completely transposed. 
The i n i t i a l  design e f for t  on ro tary  transformers was based on operation using a 
square wave converter. E. Landsman i n  h i s  paper "Rotary Transformer Design", 
Power Conditioning Speci a1 i sts  Conference (PCSC) Record, 1970 pg 139, analyzed 
the ro tary  transformer operating w i th  square wave exci tat ion.  Based on Landsman's 
analysis, square wwe operation imposes a constraint  t o  maintain low leakage 
inductance i n  the t rans fomer .  He ind ica tes  t h a t  the magnitude of h i s  f a c t o r  
K should be kept i n  the v i c i n i t y  o f  5, where K i s  def ined as: 
T = winding t ime constant 
T = winding 1 eakaqe inductance 
winding res is tance 
This result ,  i n  very t i g h t  l i m i t a t i o n s  on the  al lowable r a d i a l  depth of the winding. 
The fo l low ing table, based on Landsman, shows the t o t a l  r a d i a l  depth o f  primary 
and secondary windings as a funct ion o f  frequency t o  a t t a i n  a magnitude o f  K equal 
t o  5: 
Frequency 
(KHZ) 
Tota l  Winding Depth 
(inches) 
These depths, necessary t o  keep the leakage inductance of the  transformer small, 
r e s u l t  i n  a very wide s l o t  necessary t o  accommodate the primary and secondary 
windings, and as a consequence, the t rans fomer  i s  long and has a small 
diameter. 
A second important parameter i n  the r o t a r y  transformer des-ign i s  ihe a i r  gap 
clearance. This should be kept as small i n  order t o  reduce the magnetizing cur ren t  
and a lso t o  reduce the leakage inductance. The a i r  gap clearance was taken as 
.010 inches based on mechanical considerations; however, i t  w i  11 be noted from 
the above table, the a i r  gap clearance i s  no t  i n s i g n i f i c a n t  compared w i t h  the 
t o t a l  a1 lowable winding depth. 
I n  order t o  obta in a perspective, a number o f  ro ta ry  transformer designs were 
sketched out. These ranged i n  power from 100 Kw t o  25 Kw, frequency from 25 KHz 
t o  2.5 KHz, square and s ine wave. Some o f  the resu l t s  are presented i n  Table 1. 
This tab le  should be used as a guide i n  a general way ra ther  than as a t rade-of f  
study since a1 1 the designs were not  ca r r i ed  out  completely. The basic conclu- 
sions of t h i s  design e f f o r t  are as fo l lows:  
1. The transformer weight i s  an inverse func t ion  o f  Landman's K factor.  
2. "High" e f f i c i e n c i e s  can be achieved. 
3. Current densixies o f  10,000 amps per square inch t o  not  necessari ly 
cause heating problems. 
4. There i s  no great  disadvantage t o  using four 2, Kw modules instead 
~f one 100 Kw u n i t .  
5. Eddy currents i n  the core ( i n  add i t ion  t o  core losses) may become a 
problem when la rge cores are used. 
6. The power condi t ioning e lec t ron ics  requirements can impose seveve 
constra ints on the r o t a r y  transfdrmer design. 
Because there d i d  not  appear t o  be any great advantages o f  square wave opera- 
t ion ,  discussions were held w i t h  LeRC and i t  was decided t o  base the r o t a r y  
transformer design upon the General Dynamics study o f  a 250 KIsr system. I n  
addit ion, input  current,  voltage, wavesharp and inductance parameters as deter- 
mined by the power condi t ioning system analysis were used f o r  the r o t a r y  trans- 
former. The r o t a r y  transformer requirements were as fo l lows:  

Input voltage 
Output voltage 
Power per module 
Input frequency 
Pauer transfer devi ce 
Rotary transformer 
Primary windings 
Secondary windings 
Power conditioning 
440 vol ts  
1000 vol ts  
25 kilowatts 
20 KHz 
Rotary transformer 
Each module winding connected i n  para1 l e l  
A1 1 module windings connected i n  series 
Tm, windings on secondary f o r  redundancy 
Resonant c i r c u i t  
Input Current Inductance 
fswi tching ( m s ,  -1 (vH 1 (KHz) Preliminary Final Prel iminary Final 
50 (Futuw 84 70 28 30 
technu l ogy) 
50 (Present 100 74 14 16.2 
techno1 ogy ) 
The characterist ics o f  rotary transformers nere investigated a t  two frequencies, 
20 KHz and 50 KHz. For the 50 KHz frequency, the "present technologyn power 
conditioning was used since i t  represented a smaller inductance thaa the "future 
technology" even though the input current rsas larger. 
The columns t i t l e d  Preliminary and Final, i n  the above, resul ts from additional 
analyses performed on the power conditioning c i rcu i t rx .  
Sample rotary transformer designs nere made fo r  20 KHz and 50 KHz operation based 
on the prel .+nary requirements o f  the power conditioning system. These designs 
were done for the purpose o f  determining whether there were any substantial 
advantages to  ei ther frequency. The designs were not optirni zed so that same gains 
may be obtained i n  sire, height or eff iciency. 
20 KHz Rotary Transformer 
Power 
Frequency 
Input Currer~t 
Output Voltage 
Inductance 
Outside Diameter 
Inside Diameter 
Length 
Weight 
Core Fbter ia l  
"Average" Fi ux Density 
Primary winding 
Secondary w i  ndi ng 
core LOSS (IOO~C)~ 
I ~ R  Loss (AC, 100 C) Primary 
Secondary 
Eff ic iency 
50 KHz Rotary Transformer 
Power 
Frequency 
Input Current 
Output Voltage 
Inductance 
Outside Diameter 
Inside Diameter 
Length 
Weight 
Core Material 
"Average" F i  ux Oensi t y  
Primary Winding 
Secondary W i  ndi ng 
Core LOSS ( 1 0 0 ~ ~ ) ~  
i2R Loss (AC, 100 C )  Primary 
Secondary 
t t f i c i ency  
25 KU 
20 KHz 
84 amps 
1,000 vo l t s  
70 IIH 
8.9" 
2.0" 
2.6" 
22 lbs  
I460 
2,000 gauss 
12 turns 
1,428 036 AHG 
30 turns 
510 R36 AWG 
Redundant windings 
100 watts 
75 watts 
120 watts 
98.8% 
25 KU 
50 KHz 
100 amps 
1,000 vo l t s  
:4 uh 
7.5" 
2.0" 
2.2" 
13.0 lbs  
HN60 
1,500 gauss 
6 turns 
3,175 r39 AWG 
15 turns 
794 #38 AWG 
Redundant windings 
150 watts 
130 watts 
60 watts 
98.6% 
A cmparison o f  rotary transformers a t  20 KHz and 50 KHz indicates that there 
i s  some weight advantage a t  the higher frequency but there i s  concern that the 
cow losses might be higher than indicated. The primary differences between 
50 KHz as compared with 20 KHz operations are: 
Operating f lux  density nust be reduced because o f  core losses 
Wire size must be reduced because o f  eddy current loss i n  winding. 
It i s  possible that a lower operating frequency than 20 KHz could resul t  i n  
smaller and more e f f i c ien t  rotary transformers due t o  core loss and winding eddy 
current loss. 
A more detai led design was made of the 20 KHz, 25 Kw rotary transformer based 
on the "Final" power conditioning c i r c u i t  parameters: 
Power 25 Kw 
Frequency 20 KHz 
Input Zurrent 
Input Voltage 
Oirtpi~t Current 
Output Vol tage 
Inductance 
70 amps, nns 
775 volts, square wave equivalent 
(See Figure 4.4 j  
25 amps, rms 
1000 vol ts  
75 uH 
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The transformer characterist ics are sumnarized as follows (see a1 so Figure 4.5) : 
Core 
Outside Diameter 
t l i  r-gap Diameter 
Il lside Diameter 
Air-gap Length 
Width o f  pole 
Depth o f  Slot, Primary 
Width o f  Slot, Primary 
Depth o f  Slot, Secondary 
Uidth o f  Slot, Secondary 
Flux Densities 
A i  r-gap 
Primary Pole, Root 
Primary Core 
Secondary Po 1 e , Root 
Secondary Core 
Winding 
Primary Winding 
Secondary Winding 
Primar Resistance 
(100gC) 
Secondary Resi stance 
(Redundagt Windings) 
(100 C) 
Primary Inductance 
Secondary Inductance 
(Referred t o  primary) 
Total Inductance 
1240 gauss 
1925 gauss 
2020 gauss 
985 gauss 
1660 gauss 
12 turns 
1428 #36 AWG 
12 turns 
510 #38 AUG 
Redundant Windings 
.0053 ohns, dc 
-0136 ohms, ac 
.029 ohms, dc 
.I20 ohms, ac 
Figure 4.5. Rotary Transformer Configuration 
Weight ( l b s )  
Copper 
Core 
Losses 
Total 7.4 
1 2~ 66 
Core 51 
Total 117 
E f f i c i ency  99% 
Therma 1 
Primary 
Sink Temperature 
Core Temperature 
Coi 1 Temperature 
Secondary 
Sink Temperature 
Core Temperature 
Coi 1 Temperature 
Clei h t  o f  Thermal Sink (F ig  4.6) 
76 lbs/kw, 60°C) 
Primary 
Secondary 
Area of T e m 1  Sink (F ig  4.6) 4 (35 f t  /kw, 60°C) 
Primary 
Secondary 
Secondary 
.8 Ibs.  
.8 lbs. 
Total 
- .  -- .. - -. - - -.- -- --- -- F u r  4 6.  -*. - - I_ .-. ... -6lltj!?9 c;c4 
A design consideration which w i l l  impact the size, weight and eff ic iency of the 
rotary transformer i s  the eddy current losses i n  the transformer winding. These 
losses are due t o  skin e f fec t  i n  individual conductors and the effects of the 
proximity o f  adjacent conductors wi th  the proximity effects being the more 
severe. The skin and proximi t y  e f fec t  are lumped together and are considered as 
2 2 AC I R losses ( I  Rac), or eddy current losses from an analytical point  o f  view, 
2 the I Rac i s  considered as being produced by the leakage f l ux  of the transformer. 
The eddy current losses can be reduced by using mu1 t i p l e  standard insulated con- 
auctors i n  paral le l  and transposing them. I n  practice, t h i s  i s  achieved by using 
l i t z  wire. 
The eddy current loss i n  the transformer winding i s  given by H. W. Taylor, Journal 
I.E.E.E., 1920, Vol. 58, p. 279, 
h = height of rectangular conductor, inches 
f = frequency, hz 
w = width of conductors i n  s l o t  
s = to ta l  width o f  s l o t  
q = number of conductors i n  height ( rad ia l l y )  
For the rotary transformer, th is  equation can be simpl i f ied to  
The eddy current losses i n  the ro tary  transformer were discussed w i th  personnel 
i n  the GE transfoimer group and large motor group. A1 though t h c i r  experience 
was more i n  the 60 Hz frequency regime, they f e l t  tha t  the approach t o  the 
determination o f  eddy current losses i n  the ro tary  transformer was val id.  The 
fo l lowing points were made: 
1. There should not be a s ign i f i can t  dif ference i n  the eddy current 
loss by the use o f  round wire rather than the rectangular wire. 
2. A transposed conductor such as l i t z  wire should be used. 
3. The use o f  t h i n  f l 3 t  s t r i p  conductors instead o f  round wire could 
r esu l t  i n  substant ia l ly  higher eddy current losses i f  there i s  a 
rad id l  component o f  leakage f l u x  r e l a t i v e  t o  the conductor i n  the s lo t .  
4. The eddy current loss i s  independent o f  the pos i t ion o f  the winding 
i n  the s lo t .  The placement o f  a given winding w i l l  not change the 
eddy current loss: a winding a t  the bottom o f  a deep s l o t  w i l l  have 
the same eddy current loss as the same winding placed a t  the top of 
the s lo t .  
The impl icat ion of (4)  are qu i te  important i n  achieving the requ is i te  inductance 
defined by the power conditioning. I t  allows changing the posi t ion o f  the primary 
or secondary winding i n  an s ~ e r s i z e d  s l o t  o r  the use o f  a magnetic shunt technique 
t o  t r i m  the transformer inductance. It should be noted tha t  there i s  a d i r ec t  
re lat ionship between ro tary  transformer inductance and i t s  eddy current loss 
since the eddy current loss i s  a function o f  inductance. This serves t o  complicate 
the design of the ro tary  transformer because changes i n  inductance are accompanied 
by changes i n  the winding eddy current losses. 
I n  order t o  ascertain i t s  quant i ta t ive  charcicteristics, the eddy current  losses 
i n  a sample ro ta ry  transformer design wat*e examined. The transformer had the 
f o l  1 owing parameters : 
Number o f  turns (primary) 18 turns 
Wire #25 AWG 
Number of turns i n  pa ra l l e l  111 
Width o f  winding 3.0" 
Width o f  s l o t  3.2" 
q (number of conductors i n  height) 18 
Frequency 20 KHz 
The #25 wire was selected based on i t s  copper diameter being .0179 inch ~ i h i c h  
compares w i t h  an e f f ec t i ve  sk in  penetrat ion on each side o f  a f l a t  conductor 
o f  .0165 inch ( t o t a l  penetrat ion = 2 x .0165 = .033 inch). The number o f  turns 
i n  para l le l ,  111, was selected on the basis current  density. For t h i s  case, i t  
was found tha t  
2 This represents an unacceptably h igh I R loss. I n  order t o  reduce the Rac/Rdc, 
a number o f  other cases were examined using the same s l o t  direlensions but  w i th  
smaller wire sizes. Act l l y ,  larcjc s l o t s  would be required w i th  the smaller 
wire sizes because of t h e i r  poorer spcc : factors.  
Para1 l e l  
N - - Wire Copper Diameter Turns Rac/Rdc 
Thus, by using s u f f i c i e n t  small wire. the eddy current  loss can be reduced t o  
acceptable l im i t s .  I t  i s  not s u f f i c i e n t  t o  use small wire, but a l i t z  wire con- 
s t ruc t ion must be used i n  which, idea l l y ,  every wire i s  rotated so as t o  occupy 
every pos i t i on  i r t  t5e s lo t .  I n  other words, merely reducing the wire s ize and 
insu la t ing every tu rn  from each other i s  not s u f f i c i e n t  t 3  reduce the eddy 
current  loss t o  the values shown above. I t  i s  a lso necessary t o  have complete 
t ranspos i t ion  o f  each turn. 
Another source o f  eddy cur ren t  losses i s  i~ the core o f  the r o t a r y  transformer. 
The transformer are t o  be viewed as a shor ted-c i rcu i t  t u r n  around the primary 
winding through which current  f lows causing losses. These losses can be considered 
2 as being E /R where E i s  the  induced vol tage i n  the core and R i s  the res is tance 
o f  the core. Fortunately, the transformer core i s  fabr ica ted  o f  a f e r r i t e  
mater ia l  which has very h igh e l e c t r i c a l  res is tance and t h i s  reduces the losses 
subs tant ia l l y .  Since the e l e c t r i c a l  res is tance o f  MN60 f e r r i t e  i s  q u i t e  high, 
being 200 ohm cm as compared t o  1.7 x 1 0 ' ~  ohm m f o r  copper, i t  hould i nd i ca te  
tha t  the losses should be small. However, Ceramic Magnetics, Inc. , the vendor 
of MN60, has stated t h a t  they observed higher than ant ic ipa ted  losses i n  la rge  
cores. The eddy cur ren t  losses i n  the core are d i f f i c u l t  t o  compute. The l oss  
can be approached from the aspect o f  the eddy current  loss  i n  a cy l i nde r  and i n  a 
t h i n  sheet. The cy l inder  corresponds t o  the c y l i n d r i c a l  po r t i on  of the magnetic 
c i r c u i t  and the t h i n  corresponds t o  the end disks. The eddy current  loss  i n  a s o l i d  
cy l inder  i s  
and the loss i n  a t h i n  sheet i s  
Where P = eddy cur ren t  loss, wattslcm 3 
B = f l ux  density,  gauss 
f = frequency, Hz 
p = e l e c t r i c a l  rnnduc t i v i  ty ,  ohm-cm 
t = thickness o f  sheet, cm 
d = diameter o f  cy l inder ,  cm 
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The eddy current  loss i n  the core i s  one component of the core loss, the other 
being the volumetric core loss. The volumetric core loss  i s  the ;ore loss 
usua l ly  pgbl i shed by vendors and i s  expressed i n  u n i t s  o f  watts per u n i t  volume 
o r  watt: per u n i t  weight and i s  given as a func t ion  o f  f l u x  density.  This data 
i s  usua l ly  obtained from small t e s t  cores: the  t e s t  core f o r  MN60 i s  .917" OD, 
3 
.588" I D  and .302", height  and has a volume of approximately .1 i n  which i s  
small compared w i t h  a t yp i ca l  r o t a r y  transformer which about two orders o f  
magnitude 1 arger. 
Becadse o f  the possib ly  h igh core losses which may occur, i t  w i l l  be necessary 
t o  determine the magnitude o f  these losses more c lose ly  using the actual core 
geome t r y .  
The ro ta ry  transformer was designed w i t h  two para1 l e l  windings on the secondary 
t o  provide redundancy i n  the case o f  f a i l u r e .  The use o f  a redundant winding 
resu l t s  i n  a substant ia l l y  l a rge r  transformer secondary since ex t ra  copper and 
core must be provided, perhaps 5 lbs, o r  more, could be saved by e l im inat ing  
them. Evaluating the monitor ing system wh'i ,:h senses and corrects f a u l t s  could 
r e s u l t  i n  a be t te r  f a u l t  p ro tec t ion  approach. 
The thermal requirements on the r o t a r y  transformer core which l i m i t s  the allowable 
core temperature t o  125'~ necessitates the use o f  heat pipes t o  t ransfer  the 
loss F ,  a x i a l l y ,  t o  the heat s ink w i t h  a minimum thermal gradient.  
The question ar ises  regarding the charac ter is t i cs  o f  a s ing le  100 Kw transformer 
r e l a t i v e  t o  four  25 Kw transformers. A detar led analysis was not  made o f  the  100 ti: 
transformer, however, some general statements can be made: 
25 Kw 
-
4 - 25 Kw 100 Kw 
Inductance 75 pH 75 pH, each 18.8 p H  
Diameter 9" OD 9" OD 9" OD 
Length 2.5" 10" 6.4" 
ideight 22.8 lbs  91.2 lbs  63.3 Ibs  
E f  f f c i  ency 99% 99% '99% 
The s i ~ g l e  100 Kw rotary iransformer appears t o  have size, weight and some 
efficiency advantage over four 25 Kw transformers. This advantage sterns from the 
fact that  only two pole pieces are required for the 100 Kw whereas eight  pole 
pieces are needei when four 25 Kw un i t s  are used. There w i l l  be a s l i gh t  I!~crease 
i n  e f f ic iency because o f  reduced pole piece core losses. On the other hand, there 
w i  11 be a tendency f o r  the temperature o f  the c o i l  t o  be higher because there w i  11 
be re la t i ve ly  less axial  heat f low i n  the 100 Kw transformer. 
5.0 ROTARY CAPACITOR 
Contactless p r  transfer can be achieved by the use o f  a ro tary  capacitor. The 
power t ransfer i s  achieved by energy being stored i n  the e l e c t r i c  f i e l d  i n  the gap 
betweu~ the capacitor electrodes. Since the quant i ty o f  energy stored i n  an electro- 
s ta t i c  f i e l d  i!: less than tha t  stored i n  an electromagnetic f i e l d  because o f  low 
d ie lec t r i c  ccnstbn I s and 1 imi tat ions on voltage gradients, e lect rosta t ic  devices, 
gerreral:~, have not been considered v iable al ternat ives t o  t h e i r  electromagnetic 
counterparts becagse a larger s i t e  f s  required t o  achieve the same power rat ing. 
The r o t a r j  capacitor i s  simple i n  construction since i t requires only e l e c t r i c a l l y  
conducting disks separated by gaps: i t  does not require the windings o r  the mag- 
net ic  core structure o f  the ro tary  transformer. The l im i t a t i on  o f  the ro ta ry  capaci- 
t o r  i s  on input voltage because of the allowable voltage gradient. The vacuum 
environment of space i s  an excel l en t  d i e l ec t r i c  media f o r  a ro ta ry  capacitor because 
of the high d ie l ec t r i c  strength o f  vacuum and because there are no d ie l ec t r i c  losses 
present. 
Other p o s ~ i b l e  d i e l ec t r i c  media includes gases, l i qu ids  and solids. Gases, under 
pressure, have high d ie l ec t r i c  strength while l i q u i d  and so l i d  d ie lec t r i cs  have 
high d ie l ec t r i c  constants. However, l i qu ids  and so l i d  have s ign i f i can t  d i e l ec t r i c  
losses. Gaseous and 1 iqu id  d ie lec t r i cs  could require ro tary  seals while sol i d  
d ie lec t r i cs  would necessitate close mechanical clearances. 
The requirement f o r  a ro tary  seal f o r  use wi th gaseous or l i q u i d  d ie lec t r i cs  can 
be f u l f i l l e d  by the use of a fe r ro f lu id ic  ro tary  seal such as manufactured by 
Ferrof luidics Corp. o f  Burlington, Mass. The f e r ro f l u i d i c  seal i s  used t o  seal 
against vacuum and pressures up t o  100 psi w i th  negl ig ib le  leakage. The ferro- 
f l u i d i c  seal i s  non-we,?ring low f r i c t i o n ,  and consists of co l lo ida l -s ize ferro-  
magnetic par t ic les  suspended i n  a hydrocarbon f l u i d  i n  the presence o f  a strong 
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magnetic f i e l d .  Fer ro f lu id ic  seals of t h i s  type have been successfully used by 
GE/Space Div is ion on components and t es t  equipment as ro tary  vacuum seal;. 
A possible conf igurat icn of the ro ta ry  capacitor i s  shown i n  Figure 5.1. This con- 
f igurat ion can be used wi th a vacuum, gaseous o r  1 rquid d ie lec t r i c .  It can be used 
wi th  a so l id  d i e l ec t r i c  by placing the sol i d  d i e l ec t r i c  i n  the inter-electrode gay. 
The diameter, length and number of electrodes o f  the rotary capacitor are functions 
o f  the d ie l ec t r i c  constant, d i e l e c t r i c  strength and d i e l ec t r i c  losses o f  the media, 
as we1 1 as the input voltage and frequency. 
5.1 ENERGY ST9WGE 
I n  order to  minimize the s ize of the ro ta ry  capac i t ~ r ,  the quanti ty of energy stored 
i n  i t s  e l ec t r i c  f i e l d  rnust be as high as possible. The s ize of the ro tary  capacitor 
i s  inversely proport ional t o  the stored energy. The energy stored i n  an electro-  
s t a t i c  f i e l d  i s  given by 
a. 
Where We = energy, ergslcc 
K = d i e l z c t r i c  constant 
E = e l ec t r i c  f i e l d  intensi ty,  statvolts/cm 
I t  can be seen tha t  the c r i t i c a l  parameters for energy storage are d i e l ec t r i c  con- 
s tant  and e l ec t r i c  f i e l d  intensi ty.  Bothof these are character ist ics o f  the die- 
l e c t r i c  material w i th  the e l ec t r i c  f i e l d  in tens i t y  being the voltage gradient allow- 
able without breakdown (d ie lec t r i c  strength). There are four material categories which 
can be considered f o r  the d i e l e c t r i c  media: vacuum, gas, l i qu id ,  and.so1id. Table 
5.1 shows the d i e l e c t r i c  breakdown character ist ics :fa nunlber o f  these d i e l ec t r i c  
media. I t  i s  appropriate to  obtain an ins ight  i n t o  the e lec t ros ta t ic  energy storage 
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Figure 5.1. Rotary Capacitor Concept 
capacity o f  various materials, and t o  compare wi th  the electromagnetic enemy 
storage. This i s  shown i n  the table below: 
Table 5.1. D ie lec t r i c  Breakdown Characterist ics 
o f  D ie lec t r i c  Media 
* Upper l i m i t s  o f  d i e l ec t r i c  and magnetic properties 
I t  can be seen froin th i s  table tha t  the energy storage capabi l i t ies  of vacuum, 
pressurized gases, f l u i d s  and sol i d  d i e l ec t r i c s  are s ign i f i can t  compared wi th electro- 
~ d g n e t i c  systems and do represent a v iable al ternat ive.  I t  should be noted that  the 
breakdown voltage o f  d i e l ec t r i c  materials i s  subject t o  a wide range o f  var iat ion.  
I n  general, i t  i s  dependent upon a great number o f  variables such as electrode size, 
shape and spacing; electrode material and surface f in ish;  humidity, tenperature and 
I 
Med i a 
Vacuum 
A i r  1 atm 
1 atm 
7 atm 
Sulfur  Hexafloride 
(SF6) 1 atm 
7 afm 
Askarel O i l  
Fors t e r i  t e  
Titanium Dioxide 
Barium Titanate 
Electromagnetic 
Breakdown Voltage 
( k~/cm) 
100 
300 
1 OW* 
30 . 
75* 
250 
70 
350 
3 5 
3 50* 
1 00 
100 
7 5 
B = 1000 gauss 
B = 10,000 gauss 
B = 20,000 gauss* 
D ie lec t r i c  Constant 
(K) 
1 
1 
1 
1 
1 
1 
4.8 
4 -8 
6 
90 
10,000 
L I =  1 
p = l  
LI = 1 
Stored Energy 
(ergs/cc 
4,400 
40,000 
440,000 
400 
2,500 
28,000 
2,200 
54,000 
2,600 
133,000 
27,000 
400,000 
25 x lo6  
40,000 
4 x 106 
16 x 106 I 
waveshape and duration of applied voltage. Therefore, care must be exercised i n  the 
comparison o f  various d ie lec t r i cs  and i n  the design o f  the ro ta ry  capacitor t o  select 
values for  the breakdown voltage tha t  are appropriate f o r  the geometry and operirting 
parameters o f  the system. 
5.2 SKIN EFFECT 
The use of high frequency for  the ro ta ry  capacitor does not present problems w i th  
regard t o  skin e f fec t .  The skin depth o f  a la rger  f l a t  iso la ted conductor i s  given by 
Where 6 = skin depth, per side, cm 
p = e l ec t r i ca l  r e s i s t i v i t y ,  ohm-wn 
5 = frequency, Hertz 
The fol lowing table gives the sk in  depth per side for isolated aluvinum conauctor: 
(Hz) (cm) (inches) 
1000 -266 . lo5 
2000 .I88 .075 
5000 .I19 .0469 
10000 .0842 .033 
25000 .0533 .021 
50000 .038 .015 
This indicates cnat f o r  higher frequencies the e f fec t i ve  thickness o f  the conductor 
i s  o f  the magnitude desired f o r  mechanical purposes so tha t  sk in  e f f ec t  should not 
be a problem. The effects of other conductors i n  close proximity would be t o  
decrease the ef fect ive skin thickness and thus increase the ac resistance, however, 
they are far enough away so that  t h e i r  effects should be negl ig ib le.  
5.3 -. VACUUH DIELECTRIC 
The use o f  a vacuum for the energy storage media f o r  the ro tary  capacitor looks very 
promising. It resul ts i n  a high leve l  o f  energy storage, does not  require seals and 
i s  not  subject to  degradation. Vacuum can be considered t o  e x i s t  when the breakdown 
strength i s  independent o f  gas prsssure. This occurs when the mean free path o f  a 
gas molecule i s  large compared w i th  the electrode spacing. From a d i e l ec t r i c  strength 
point  of view, vacuum ex is ts  below 1 0 ' ~  t o  m Hg. The breakdown voltage i n  vac- 
uum i s  a function not only o f  the voltage gradient, but  also of the absolute magni tude 
o f  the voltage. Below 20 KV, breakdown i s  i n i t i a t e d  by electron emission from the 
cathode surface; gradients as high as SO00 KVIcm have been obtained from  ell polished 
cathode surfaces and 50,000 Kvlcm from wel l  polished anode surfaces. With higher 
absolute voltage magnitudes, these high gradients decrease. The gradient a t  the 
cathode decreases from 5000 K V / m  a t  20 KV, t o  1000 KVIcm a t  100 KV. This phenomenon 
does not a f fec t  the ro tary  capacitor since i t  i s  not  anticipated t o  operate power 
supplies a t  these voltage levels. 
The voltage breakdown i n  vacuum i s  a function of  the surface f i n i s h  and electrode 
mater ! a1  . For electrodes having surface areas o f  several square centimeters, 
polished but not buffed, and separated by .1 cm, the breakdown voltaqes are as 
follows: 
Steel 
Stainless Steel 
Nickel 
Monel 
A1 umi num 
Copper 
Breakdown Vol tages 
( KVlcm 1 
I f  the electrode surfaces are highly buffed, the breakdown voltage characterist ics 
can change. For exanple, buffed aluminum w i l l  produce a higher d i e l ec t r i c  strength 
than stainless steel.  A general r u l e  f o r  the breakdown character ist ics o f  electrodes 
i n  vacuum i s  tha t  the breakdown voltage i s  proportional t o  the me1 t i ng  temperature o f  
the electrode material.  
The d i e l ec t r i c  strength o f  vacuum i s  a funct ion o f  the length o f  gap and area o f  gap. 
Increasing the gap from .I cm t o  1.0 ca, decreases the breakdown gradient by a factor 
2 o f  3. Simi lar ly ,  electrodes having an area o f  lOCO cm w i l l  have 1/3 o f  the d ie lec t r i c  
strength o f  t ha t  of small electrodes, such as shown i n  the above table. A general 
r u l e  f o r  electrode area e f fec ts  i s  ' that  the breakdown voltage gradient varies as the 
logarithm o f  the area. Figure 5.2 shows the vacuum breakdown character ist ics o f  a 
one-inch diameter steel b a l l  and a two-inch diameter steel disk. 
The Genera! E lec t r i c  S w i  tchgear Department has developed a proprietary d ie lec t r i c  
coating which can be applied t o  electrode surfaces. This serves t o  reduce local  
areas o f  high voltage gradient resu l t i ng  from d iscont inu i t ies  i n  the geometry o f  the 
electrodes. The use o f  t h i s  coating permits operation a t  higher voltage gradients 
than would be normally expected. 
!n summary, i t  appears that  i n  the ro tary  capacitor operating i n  a vacuum, voltage 
gradients o f  100 KV/cm are obtainable, and, i n  addition, i f  care i s  exercised i n  the 
design and select ion o f  materials, y r ~ l i e n t s  o f  300 KV/cm may be attained. This 
makes the vacuum d ie l ec t r i c  ro ta ry  capacitor a very encouraging poss ib i l i t y .  
5.4 G&f,OUS-DIELECTRICS 
The ro tary  capacitor could u t i l i z e  a gas as the d i e l ec t r i c  media. Gases have die-  
l e c t r i c  constants close t o  un i ty ,  display no d i e l ec t r i c  losses and have low viscosi- 
t ies.  If operated under pressure, t he i r  d i e l ec t r i c  strengths increase and can 
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Figure 5.2. Breakdown Voltages and Gradients Between 
a 1-inch Diameter Stainless Steel B a l l  and a 
2-inch Diameter Steel Disk i n  Vacuum 
J;;to~ch the strength of vacuum. There are a number of gases which could be con- 
s c ~ c r c d  for ro tary  capacitors such as a i r ,  ni trogen and electronegative gases CCI F 
2 2 
c J ~ g  and SF6. Sulfur hexafluoride i s  used extensively as a d i e l ec t r i c  i n  e lec t r i ca l  
c t  real t breakers and i s  an effect ive supressant. 
d ~ s e s  are normal l y  non-conducting; however, as the gas i s  subjected t o  an increasing 
c l cc t r i c  f i e l d  in tens i ty ,  a po in t  w i l l  be reached a t  which the gas no longer acts as 
an insulator but w i l l  begin t o  conduct. The conduction process i s  not  simple, mani- 
festing i t s e l f  i n  various modes such as corot:a, glow discharges, spark and arc 
discharge. The breakdown phenomena i n  gases i s  more complex than i n  vacuum being not  
only dependent upon electrode characterist ics, but  a1 so upon the d i e l ec t r i c  properties 
o f  the gas. The breakdown o f  gases obeys Paschen's law which states that  the breakdon 
voltage i s  a function o f  the prcduct o f  the length of gap and the density o f  gas. 
The following table shows properties o f  a number o f  gases, f o r  various pressures and 
electrode spacings. 
Gas D ie lec t r i c  Constant Breakdown Vol tage Viscosity (K) ( KV/cm) (poise) 
Argon 
Nitrogen 
Oxygen 
Hydrogen 
A i r  1 atm 
1 atm 
1 atm 
7 atm 
14 atm 
SF6 1 atm 7 atm 
CCL2F2 1 atm 
'jF8 1 atm 
8 
35 
26 
20 
30 (1  cm) 
45 ( . l  cm) 
80 ( .O1 cm) 
250 (.l cm) 
350 (.l an) 
7 0 
3 50 
70 
70 
The use of a gas, especial ly a t  high pressure, i s  not  desirable i n  the rotary capacitor 
becasue of the necessity f o r  a ro ta t ing  seal against the vacuum environmnt. A1 though 
the breakdown vol tage between planes increases wi th increasing pressure, much of th i s  
advantage i s  lost  if there i s  a distortion af the electr ic  f ie ld.  For example, 
the voltage breakdown a t  h i g h  pressures between a point and a plane is substantially 
less than would be obtained between planes because of the distortion of the electr ic  
field. Electronegative gases such as C C l  2F2 and C3F8 have dielectr ic  strengths great- 
e r  than twice that of a i r ;  however, these gases are not stable, tending to dissociate 
if subjected to ionization or arc-over, forming chemically active compounds which 
could be detrimental. 
5.5 LIQUID DIELECTRICS. 
Liquids are another category of dielectric materials which can be considered for the 
rotary capacitor. L iqu id  dielectrics are extensively used i n  capacitors, high vol tage 
cab1 es , transformers and c i  rcui t breakers. The important electrical properties are 
dielectric constant, dielectric strength and electrical conductivity. Liquid dielectrics 
have higher dielectric constants than gases ranging between 2 and 5 for non-polar 
fluids and up to 80 for polar f l u i d s  such as water, acetone and ethanol. Their break- 
down vol tages are sl  ightly better than unpressurized gases and are  quite dependent upon 
tercpera ture, frequency and electrode geoaetry . The electrical conductivi ty of 1 iquids 
i s  significantly higher than that of gases. ' This i s  detrimental since i t  can result  
i n  appreciable losses and heating. The electrical conductivity of non-polar liquids i s  
about four orders of magnitude less than that  of highly p ~ r i f i e d  polar 1iouic;s. 'fhe 
h i g h  conductivity of polar liquids and their  susceptibil i ty  to contamination probably 
precludes their use. This is unfortunate since the polar liquids do possess signifi-  
cantly high dielectric constants. The viscosity of 1 iquid dielectrics will produce 
~echanical drag; however, because of the low rotational speed of the rotar.!l capacitor, 
.C1 rpm to 1 rpd, this drag will not be apprectable unless the temperature approaches 
the pour point of the fluid.  
?hc fol lowing tab le  shows t yp i ca l  o f  a number o f  l i q u i d  d ie lec t r i cs .  
D i e l e c t r i c  D i e l e c t r i c  Conduct ivi ty Constants Viscosi ty  
(ohm/cm) (K)  Strength (Poise a t  1 0 0 0 ~ )  (KV/cm) 
Transformer o i l  t o  2.2 100 10 x log2 
Askarels 1 0 - l ~  to 1 0 - l ~  4.8 125 10 x loo2 
' s t  1 t coiies lo-14 2.8 100 109 x 
F l ~ o r o c ~ e m i c a i s  t o  1.9 1 50 3 x 1 0 ' ~  
The 1 i qu id  d i e l e c t r i c  would necessitate the use of a seal t o  prevent leakage. A 
f e r r o f l u i d i c  seal could be used b u t  care would have t o  be exercised t o  assure f l u i d  
compat ib i l i ty ,  and no mixing of the f l u i d s  since t h i s  could r e s u l t  i n  seal o r  capacitor 
fa i lu re .  
Perhap '-9e most serious def ic iency of 1 i q u i d  d i e l e c t r i c s  i s  the p o s s i b i l i t y  of f l u i d  
dc t e r i o r a t  ion. This i s  a complex phenomenon which manifests i t s e l f  u l t ima te l y  as 
voltage breakdown o r  increased conduct iv i ty .  There are a number of theories t o  exnlain 
the deter io ra t ion  o f  f l u i d  d ie lec t r i cs .  The basic phenomenon i s  tha t  under the i n -  
fluence o f  d i e l e c t r i c  stress, various chemical and physical processes occur i n  the 
d i e l e c t r i c  f l u i d  which causes a br idg ing o f  the gap between electrodes w i t  contami- 
nation causing a breakdovn. The r a t e  a t  which the processes proceed i s  a funct ion of 
the magnitude c f  the e l e c t r i c a l  stresses, temperature and any impur i t ies t h a t  accel- 
erate the chemical a c t i v i t y .  
5.6 SOLID DIELECTRICS 
An approach t h a t  should be considered i s  the use c f  a s o l i d  d i e l e c t r i c  as the enerpv 
storage media. These mater ia ls  have d i e l e c t r i c  strengths of the sane order of m a ~ n i -  
tude as gases and l i qu ids ;  however, t h e i r  d i e l e c t r i c  constants are higher being between 
2 and 10 f o r  ceramics and re f rac to ry  mater ia ls  wh i le  f e r r o e l e c t r i c  materials which a r e t h e  
e lec t ros ta t i c  analogies o f  ferromagnetic mater ia ls  d isp lay  very h igh d i e l e c t r i c  con- 
stants and s i g n i f i c a n t  losses. 
A ro ta ry  capacitor using a s o l i d  d i e l e c t r i c  would have the d i e l e c t r i c  placed i n  t h e  
gap which separates the capaci tor  plates. The d i e l e c t r i c  would be attached -0 ohc 
set  o f  p lates and have a minimu~n clearance t o  the other  set. Clearances reduce the 
ef fect ivenrqs o f  the sol i d  d i e l e c t r i c  since the vol tage across it, and therefore, 
the energy stored i n  i t  would be snla1:er. 
The fo l low ing table shows some typ ica l  e l e c t r i c a l  proper t ies of s o l i d  d i e l e c t r i c  
mater ials:  
The appl i ca t i on  of sol  i d  d i e l e c t r i c s  t o  the r o t a r y  capaci tor  i s  very appealing be- 
cause o r  the very high leve ls  o f  energy storage c a p a b i l i t y  achievable using h igh 
d i e l e c t r i c  constant nla t e r i a l  s. The energy storage o f  e lec t r cs ta  t i c  systems using 
these sol i d  d i e l e c t r i c s  approaches tha : o f  elec tromagnetf c systems. However, the 
mater ia ls  which have h igh d i e l e c t r i c  constants tend t o  have h igh  d i e l e c t r i c  losses, 
and have d i e l e c t r i c  proper t ies which are sens i t i ve  t o  time, temperature and voltage. 
Mater ial  
A1 umi na 
Fos t e r i  t e  
Porcelain 
Titanium Dioxide 
T i  tana tes 
Since the i nsu la t i on  res is tance o f  a d i e l e c t r i c  i s  o f ten  establ ished by the surface 
r e s i s t i v i t y  o f  thc n a t e r i a l  ra ther  than the volume r c s i s t i v j t y ,  p a r t i c u l a r  carc 
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Vo 1 ume 
R e s i s t i v i t y  
(ohm-cm) 
lo1* 
1 014 
1 o1 
10' - 10 l5 
Die lec t r i c  tant 
%3 
9 
6 
6 
90 
15-12.000 
B ~ ~ $ ~ ~ ~  
( KV/cm ) 
160 - 500 
100 
100 - 250 
75 
2 0 - 1 2 0  
Loss Tan e c t  
x 10- B 
5 
4 
75 
5 
1 - 200 
would have t o  be exercised i n  the e l e c t r i c a l  design of the r o t a r y  capaci tor  t o  
minimize conduction over the surface o f  the d i e l e c t r i c .  D i e l e c t r i c  f a i l u r e  i s  
sometimes caused by mechanical f a i l u r e  r e s u l t i n g  from e l e c t r o s t a t i c  forces induced 
by h igh d i e l e c t r i c  stresses, by h igh f i e l d  gradients r e s u l t i n g  from sharp elec- 
trodes, o r  by thermal breakdown. 
5.7 ROTARY CAPACITOR DESIGN -
Based on the study o f  vacuum, gaseous, l i q u i d  and sol i d  d i e l e c t r i c s  as the d i -  
e l e c t r i c  for  the r o t a r y  capaci tor  the most f eas ib le  appeals t o  be vacuum. This 
i s  because the operat ing space environment w i l l  be vacuum and the l a rge  voltage 
gradients and low losses a t ta inab le  i n  vacuum. The gaseous media requi res seals; 
1 i q u i d  requi res seals and i s  subject t o  de ter io ra t ion ;  and sol  i d  d ie lec t r .  c r  
r~ecessi t a t e  small mechanical clearances. The major disadvantages o f  vat i - i' 
low d i e l e c t r i c  constant o f  1.0. 
The r o t a r y  capacitor i s  simpler t o  design than a r o t a r y  transformer because o f  the 
fewer var iables involved and the only  losses are 1'4 losses i n  the c ~ p a c i t o r  p la tes  
The major concerns i n  the r o t a r y  capacitor design would be d i e l e c t r ~ c  considera- 
t i ons  and mechanical dzsign. The d i e l e c t r i c  gradient  i n  the vacuum probably should 
not exceed 100 kvlcm a1 thouqh 200 kvlcm might be at ta ined.  The clearances between 
the moving p lates and the s ta t ionary  p la tes  must be kept as small as possib le con- 
s i s ten t  w i t h  the a1 lowable voltage gradient  and mechanical c r i t e r i a .  
The basic design formula f o r  a r o t a r y  capaci tor  i s  
where A = area o f  capa i i  t o r  plates, cm 2 
C = capacitance, farads 
d = p i a t e  separation, cm 
K = dielectric constant 
M e  weight o f  the rotary capacitor plates can be found from 
W = nAt6 
where W = weight, lbs. 
n = number of plates 
.t = thickness o f  plate, inches 
a = density of p la te material, l b s j i n  3 
It should be noted that  a speci f ic weight, pounds per farad, can be obtained. 
This would be 
For a vacuum, the d ie lec t r i c  constant, K, i s  unity. It i s  desirable t o  keep the 
p late separation t o  a minimum i n  order t o  reduce the area o f  p la te required. How- 
ever, f o r  the d ie lec t r i c  and mechanical reasons stated above, there are l imi ta t ions 
t o  the minimum clearance between plates. 
The required capac tance and operating voltage f o r  the rotary capacitor i s  defined 
by the power conditioning electronics and i s  as follows: 
Fs C V 
(KHz)_ 0 (vol ts)  
It should be noted that because of the rotat ional  requirements o f  the rotary capa- 
c i to r ,  the capacitance defined above i s  the t o t a l  capacitance o f  the rotary capacitor 
and i t  consists o f  two capacitor2 ?hy;ically i n  series, each having a capacitance 
of 2C. 
The general s ize character is t ics  of a ro ta ry  capacitor was determined based on 
the fol lowing: 
Frequency 
Power 
Capaci tance (C) 
(2C 
20 KHz 
25 Kw 
-62 uf, t o t a l  
1.24 uf , per path 
Clearcnce between p la tes . O l "  
P late mater ia l  
Plate thickness 
A1 umi num 
.018" 
The s ize and w i g h t  of the ro ta ry  capacitor p lates as a f m c t i o n  of the number o f  
plates i s  given below: 
Plates per path Total OD Length Weight 
(Primary and Secondary) Plates ( i n )  ( i n )  (Ibsr- 
For t h i s  analysis, i t  was 3ssumed tha t  the plates were .018" th ick .  Actual ly. the 
plates attached t o  the shaf t  might have t o  be th icker  than .018" because they must be 
supported on t h e i r  interna: diameter, however, the outer p la tes being supported on 
t h e i r  OD could be thinner. 
The fo l lowing table shows the ro ta ry  capacitor weight and voltage gradient w i th  the 
capacitance and voltage gyadient as a function of frequency and defined by the 
resonant power conditioning c i r c u i t  parameters. The weight i s  that  o f  the plates 
alone and does not include shaft, housing, leads, etc. 
The spec i f ic  weight o f  the ro tary  capacitor i s  approximately 161 lbs. per micro- 
farad. 
I n  the ro tary  capacitor, the cross sectional area of p la te  through which the 
current flows i s  determined by mechanical considerations re l a t i ng  t o  the p la te  
thickness, rather than by e l ec t r i ca l  considerations as f o r  the ro tary  transformer. 
As a resul t ,  the current density and losses w i l l  be much lower i n  the ro tary  
capacitor. For example, taking the 200 plates per path design, the current density 
a t  the roo t  of the p la te  i s  as follows: 
A = nDt 
A =  271 x .018= . I13  i t )  2 
This low current indicates tha t  much more than 25 Kw can be transferred through 
t h i s  ro ta ry  capacitor without s igni f icant  losses o r  heating occurring. 
However, the power r a t i ng  of t h i s  ro ta ry  capacitor cannot be increased because an 
increase i n  power r a t i ng  must be accompanied by an increase i n  capacitance due t o  
power condit ioning c i r c u i t  requirements. 
The weights of 25 Kw ro ta ry  capacitors are i n  excess o f  those o f  ro tary  trans- 
formers. A comparison i s  shown below. 
CJeight ( lbs )  
Frequency Rotary Capaci t o r  Rotary Transformer 
20 KHz 
50 KHz 
Decreasing the p la te  separation of .01" would resu l t  i n  a reduction of capacitor 
size but t h i s  would be a t  the expense o f  mechanical considerations. The ro tary  
capacitor also requires an inductor i n  i t s  resonant c i r c u i t  whose weight i s  s i g n i f i -  
gant and i s  not included. 
Based on these analyses, i t  does not appear tha t  the ro tary  capacitor i s  a v iable 
a l ternat ive t o  ro tary  transformers as a ro ta ry  power t ransfer device because o f  i t s  
weight and size disadvantages. One advantage o f  the ro tary  capacitor i s  i t s  higher 
2 ef f ic iency which resu l ts  from the lower I R losses and no core losses. 
6.0 Microwave Rotary Power Transfer Devices 
Rotary transformers and ro ta ry  capacitors are devices whose dimensions are very 
small r e l a t i v e  t o  the wavelength of the AC power. Devices such as osc i l l a to rs ,  
magnetions and k lystrons have dimensions 1 arge re l a t i ve  t o  the wave1 ength, see 
Figure 6.1. When the wavelength i s  comparable to device dimensions, microwave 
techniques have been developed f o r  h igh peak power and modest average power 
appl icat ions.  
Microwave power transfer devices are sometimes ca l led ro tary  jo in ts .  One type 
occupies a volume along the ro ta t ing  axis and another i s  an annular volume sur- 
rounding and concentric w i th  the axis, see Figure 6.2. The f i r s t  type i s  ca l led 
ax ia l  ro tary  j o i n t  and the second, annular ro tary  j o i n t .  
Axial Rocary J o i n t  
Axial ro tary  jo in ts  have been developed u t i l i z i n g  non-radiating waveauide modes such 
3s TEM (Transverse i l e c  tromagnetic Mode), mO, (Transverse Magnetic ?ode), ?EOl 
v 
(Transverse E lect r ica l  W e ) ,  and c i r cu la r l y  polarizes TEll modes since a l l  of these 
have electromagnetic f i e l ds  tha t  are ro ta t iona l l y  svmnetrical. Another axia l  rotary 
j o i n t  not using a meta l l i c  waveguide i s  a beam waveguide propagatina a c i r cu la r  
polarized beam. Each o f  these are discussed i n  the fol lowing paragraphs. 
TEM Rotary Joint  
The usual coaxial transmission l i n e  propagates the TEM (transverse electvomagnetic) 
mode between the inner cy l ind r i ca l  indicator  and outer tubular indicator .  The maximum 
power tha t  can be carr ied based on breakdown considerations i s  given by: 
2 2 
- a l n  (b/a) watts pmax - lx- 
Where E = maximum voltage gradient 
a = inner conductor radius 
b = outer indicator  radius 
- 
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Megavol t s  of power have been handled by TEM ro ta ry  j o i n t s  for  radar apnl icat ions 
under pulsed condit ions, bu t  the problem a t  hand represents a serious thermal and 
hecce loss problem. 
The TEN losses are governed by conductor mater ial .  dimensions and frequency. The a t -  
tenuatioc i n  dB/unit length f o r  a copper l i n e  i s  given by: 
where 
f = frequency. Hz 
a = inner conductor radius 
b = outer  conductor radius 
el = r e l a t i v e  d i e l e c t r i c  constant of nedium between conductors 
Lor losses can be at ta ined by using low frequencies and large diameter conductors. 
P thersal design problem i s  the greater power loss and much greater loss densi ty  on 
the inner conductor, and the mcrc d i f f i c u l t  task of heat removal from the inner con- 
duc:or. A t  the non-contacting gap, a resonant choke i s  placed i n  each of the con- 
duc tors t o  provide a low impedance. I f  the conductor diameters are made increahf ngl ,  
1aryer t o  achieve low loss there i s  a possibi  1 i t y  9f propaaating the next higher order 
1 lade sc tha t  a f rac t iona l  shortest 1 i r n i  t on the AC power wavelength !, i s  given 
by 
x -  (a + b)  
L 
Another problem i n  the Qesign o f  a ro ta ry  j o i f i t  t o  operate i n  space vacuum i s  the 
potent id l  fo r  a resonant mu1 t i pac to r  discharge. This may occur i n  the main l i n e  o r  
even i i the choke section. Auniqueset o f  three condit ions i s  required and t h i s  i n -  
vo1,es dincn,~on, surfacc mater ia l  and AC voltage. For resonant mu:tipac:or t o  occur, 
an i n t e r i o r  dipension p a r a l l e l  t o  the e l e c t r i c  f i e l d  should be between 1/40? and 
1/50 wavelength. The conductor surface mater :a1 should be one tha t  exh ib i  t c  a secondary 
e lec t ron  emission coef f i c ien t  which exceeds un i ty .  Bare metals have values close t o  
u n i t y  bu t  some when oxidized have very high values. F ina l l y ,  the AC voltage should be 
about 50 t o  2000 vo l t s  f o r  narrow and wide gaps ,respectively. 
Between the microwave generator and r o t a r y  j o i n t ,  i t  i s  1 i kely  t h a t  waveguides w i  11 be 
employed and mode transducers w i l l  be required t o  couple t o  the ro tary  j o i n t .  These 
transducers t yp i ca l  l y  have greater  losses than unperturbed transmission 1 ines. 
The TEM r o t a r y  j o i n t  to  transmit exceedingly high average power w i t h  low loss should 
be examined i n  de ta i  1 t o  es tab l ish  c a p a b i l i t y  1 i m i t s  for  the present sppl i ca t ion .  As 
mentioned above, a very serious problem i s  thermal effects,especial ly on the inner 
conductor. 
TMO1 b t a r v  J o i n t  
The c i r c u l a r l y  symnetric transverse magnetic TM mode i n  c i r c u l a r  waveguide has beer: 0 1 
often used i n  waveguide ro ta ry  j o i n t s  for  so la r  app l ica t ion  when high peak powers 
and low average powers are encountered. The frequency must be high encugh t o  be above 
cu to f f ,  and the frequency, f, i n  MHz, must exceed 4517/a where a i s  waveguide radiss 
i n  inches. The peak power 1 eve1 based on breakdown i s  given by 
where E = maxilrarm voltage gradient  
a = waveguide radius, inches 
A = wavelength 
:C 
= mode c u t o f f  wavelength - 2.61a 
9 = waveguide wave1 en t h  
The maximum f i e l d  i n t e n s i t y  occurs a t  waveguide center when ?\ 0.5 ic. For the 
present a p p l i c a t i ~ n ,  at tenuat ion i s  a very importaet parameter and for  the THO, mde,  
the a t tenuat io r  f o r  a vacwrn f i e l c  cocper waveguide i s  given !IV 
whew a = waveguide radius i n  inches 
Low loss can be achieved w i th  large diameter wavegu.de, but a very large wavecluide 
wi 1 , i nirease the p o s s i b i l i t y  o f  undesired higher order modes. 
Transducers are requi red t o  connect rectangular waveguide to  the c i r c u l a r  waveguide 
lXO1 mode. These transducers are subject  t o  bandwidth and power l im i ta t i ons .  A chok 
o f  the same type as t h a t  f o r  the TEM r o t a r y  j o i n t  i s  required t o  place a low imoeda~c 
icross the gap. The thermal problem involves mostly outside surfaces which can be 
r a d i a t i v c l y  cooled. Mu1 t i pac to r  problems may occur i n  the choke region and must be 
avoided by design. 
T E ~ l  Rotary J o i n t  - The c i r c u l a r  e l e c t r i c  TEOl mode i n  c i r c u l a r  waveguide has been 
,ised i n  ro ta ry  j o i n t s .  The peak power l eve l  based on breakdown i s  given by 
The attenuat ion o f  t h i s  par t 'cu lar  mode i n  a f ixed s ize  guide decreasas 'ncief ini tely 
~ r i  t h  in i reasing frequency. The a t t f .nuat ion f ~ r  vacuum f i  1 led cooper waveauide i s  
g i v ~ n  b,, 
'c = 1.64a = c u t o f f  wavelength 
a = wavelength radius 
A choke i s  not  required fo r  t h i s  r o t a r y  j o i n t  s ince the gap does not  i n te r fe re  w i t h  
currents. The thermal problems are less s t r i ngen t  because of the low loss mode. The 
most severe design problem e n t a i l  s the transducer t o  launch the TEOl mode from rec- 
tangular waveguide. An oversized waveguide and' tape f o r  a high power app l ica t ion  
was designed and b u i l t  by K. Timiyasu.* 
C i r cu la r l y  Polar ized TEl Rotary J o i n t  
- 
The TEll mode i n  c i r c u l a r  waveguide can be used provided i t  i s  c i r c u l a r l y  polar ized. 
C i rcu la r  po la r i za t i on  requires a po la r i ze r  e n t a i l i n g  a quartz-wavelength p la te  o r  
section. To propagate t h i s  mode, the wavelength must be shor ter  :hzr the a t - o f f  
wavelength given by 
The peak power l eve l  based on breakdown i s  given by 
The at tenuat ion f o r  vacuum-fi 1 led  copper waveguide i s  
3 = waveguide radius, inches 
The thermal problem w i l i  probably be mre c r i t i c a l  thar breakdctm. A choke w i l l  be 
required t o  provide a lok  irnwdance across the j o i n t  gap ;rl the c i r c u l a r  waveguide. 
I n  t h i s  choke a TEll higher order coaxial  l i n e  mode w i l l  be v r e s e ~ t .  
- - - . - - . - - - - - . - .  - - - - - -  
* L. Torniyasu, "17.5 f t - l o n g  mu1 t i con i ca l  taper f o r  TEOl mode i n  29.7 i n .  diameter 
waveguide a t  X-sands" ,Proc IEE, Vol. 116, pp. 373-376, March 1969. 
Beam Waveguide Rotary J o i n t  
Another c lass of a x i a l  ro ta ry  j o i n t  i s  one tha t  involves a beam waveguide. This i s  
an unenclosed s t ruc ture  t o  transmit h iah power. This i s  s im i l a r  t o  the method o f  
energy t ransmit ta l  from a Solar Power S a t e l l i t e  system which sends microwave ;owcr 
over a beam from a geosynchronous sate:l i t e  t o  Earth. For the proposed app l ica t ion  
the distance w i l l  be essen t i a l l y  zero and the energy can be r e s t r i c t e d  t o  propagate 
bett;e,-i two antennas facing and almost touching each other as i n  a confocal cav i ty .  
The cav i t y  must be coherently exc i ted by mu1 t i p l e  apertures. To permit r o t s r . ~  
motion the cav i t y  mode can be TEOl o r  c i r c u l a r l y  polar ized TEll mode. I l luminat ion  
taper w i l l  minimize rad ia t i on  loss and e l im ina te  the need f o r  a choke. Each cav i t v  
end should be a t  l eas t  several wavelengths i n  diameter. The amount of power tha t  can 
be transmitted w i l l  not be l i m i t e d  by the confocal cav i t y  ro ta ry  j o i n t  bu t  by the 
cav i ty  exc i t a t i on  scheme. The thermal problem w i l l  be l i m i t e d  t o  the exc i ta t i on  region. 
Annular Rotary Jo in ts  
A ro ta t i ng  j o i n t  t ha t  does riot f i l l  the a x i a l  region i s  ca l led  an annular ro ta ry  j o i n t .  
Such a j o i n t  has been developed f o r  a radar app l ica t ion  requ i r ing  high peak power 
and r e l a  t i  vely low average power. ** The j o i n t  comprises two adjacent non-contac t i n g  
r ings formed from rectangular waveguides. Coup1 ing  apertures t ransfer  the power 
between r ings.  The r i n g  c i rcumferent ia l  length i s  an in tegra l  number of wavelengths. 
I n  an experimental model an i nse r t i on  loss o f  about 0.3 dB was measured and t h i s  rep- 
resents a s i x  percent loss. 
The on -ax~s  beam waveguide ro ta ry  j o i n t  men ioned e a r l i e r  designed i n t o  A annular 
conf iguratuion by using bas i ca l l y  a TEOl mode i n  the confocal csv i t y  and shaping 
the cav i t y  resonator wal ls  w i th  large cent;al openings t o  provide high ef f ic iency 
coup1 ing. 
** K. Tomiyasu, "A Mew Annular Waveguide Rotary Jo in t "  Proc. I R E ,  Vol . 44, pp. 548- 
553, Ap r i l  1956. 
7.0 CONCLUSIONS 
As a resu l t  o f  Task I, System Study, the following conclusions can be drawn: 
1. The ro tary  transformer and ro ta ry  capacitor are feasib le contractless 
power t ransfer  devices . 
2. Rotary transformers are smaller than r;ts?y capacitors. 
3. There are no obvious advantages o f  e i the r  ~*esonant approach o r  non- 
resonant (square wave) f o r  the power condi ti oni ng e l e c t r o n i c ~  .
4. There i s  no advantage f o r  the power condit ioning t o  operate above 
approximately 20 KHz. 
5. Rotary transformer operation a t  50 KHz as compared t o  20 KHz resu l t s  
i n  smaller size. Increased eddy current and core losses may be d e t r i -  
mental a t  50 KHz. 
6 .  The requirement f o r  redufidant secondary windings on the ro tary  trans- 
former resu l ts  i n  a weight penalty. 
7. Chopping electronic topologies resu l t  i n  inductance constraints on ro tary  
transformers causing them t o  have small diameters and long lengtbi .  
8. Chopping electronics constraints on minimum capacitances does not 
permit reduction i n  ro ta ry  capacitor size. 
9. Chopping electronic debice rat ings are sensi t ive t o  input v o l t -  3e range, 
50% range has a serious effect. 
8.0 RECOMMENDATIONS 
The fol lowing recomnendations are made f o r  future des4c: 5tudies: 
1. Perform a de ta i l  design study on 2 5  Kw, 2 0  nit ro tary  tranrformer 
using resonant c i r c u i t  power conditioning. 
2. The requirement for redundant secondary windings on the rotary 
transformer be e l  i m i  nated. 
3. System requirements concerning input voltage ranges be examined. 
ConsiderJng the chopping electronics sens i t i v i t y  t o  input voltage range. 

TASK I1 
MSI6N SrUOY 
1.0 IWTROM#TIOIQ - 
As par t  o f  the Systems Study, Task I, various types o f  devices were 
analyzed fo r  transferring e lect r ica l  power across the rotat ing interface 
betw-en the solar arrays and the spacecraft body, among them were rotary 
transformer, rotarv ca~rrcitor, microwave and ionized gas techniques. 
As a resu l t  of ttte Cystems Study, the rotary transformer was selected 
as the most p m i s i n g  approach, the follow-on e f fo r t ,  Oesign Study, 
Task 11. 
For the Task I1 effort, the design of a Rotary Power Transfer Oevice fo r  
transferrinq 100 KU elect r ica l  power across a rotat ing spacecraft in ter -  
face was addressed. The paner transfer device i s  a complete system and 
includes a rotary transformer, power conditioning electronics, housing, 
shaft, heat re ject ion methodology (heat pipes and radiators), and dr ive 
mechani m. 
A Rotary Power Transfer Oevice reas designed as par t  of Task I1 and i t s  con- 
cept i s  feasible wi th  no fundamental reasons why i t  canwt be implemented. 
Figure 1.1 shorn a conceptual Solar Array/Rotary Power Transfer Device 
Configuration. It indicates how the power transfer device can be nechani- 
ca l l y  integrated wi th  solar arrays and in to  a spacecraft. 
A slrimary of the Rotary P w r  Transfer Device characteristic3 i s  as 
f 01 1 ows : 
Overall Envelope 8.25" x 1Q.40" x 16.25" 
(Excl udi ilg power condi t ionf  .g) (21.0 cm x 26.4 cm x 41.3 cm) 
Overall W i t  190.8 lbs. i86.6 ~g w/o radiators 
209.1 lbs. (94.9 ~g w/ radiators 

Rotary Transformer Type: Concentric Cylinder 
Size: 6.43" diameter, 14.3" long 
Weight: 46.4 lbs. (21.1 ~ g )  
Power Conditioning Electronics 76.0 Ibs. (34.5 Kg) 
Efficiency 
- Rotary Transformer 96.6% 
- Power Conditioning 98.0% 
Electronics 
- Overall 96.6% 
The geometry of the power transfer device i s  shown i n  Figure l.ii,(utline, 
100 KW Rotary Power Transfer Device. 
Two possible ao~roaches were considered for the rotary transformer: 
co~cen t r i c  cy l  inder and para1 l e l  plate. Either configuration could be 
used; but, the concentric cyl inder was chosen because i t  would be easier 
to fabricate and would have lesser thermal problems. The concentric cylinder 
transformer has a relat ively small diamete.. and long length, while the 
paral le l  p late transformer would have a larger diameter along wi th  a 
shorter length. A1 though the coecentrf c cyl inder approach appears easier 
to implement i n  hardware, there i s  no inherent reason why the paral le l  
p la te approach could not be achiwed if i t s  configuration were found to  
be more appropriate to spacecraft constraints. 
This Design Study task delineated a 100 KW Rotary Power Transfer Device 
which i s  attainable and does not necessitate materials or  techniques 
which are not presently state of the ar t .  Slthoilgh the rotary transformer 
design was examined i n  some depth, a design optimization was not pursued 
i n  deta i l .  An optimization would include a trade-off between losses, 




temperature, heat reject ion,  materials, etc.,  and could resul t  i n  a 
signif icant  improvement i n  the characteristics and performance o f  
the device. The design, Figure 1.3, 100 KW Rotary Power Transfer De- 
vice, i s  generally cor~servative i n  approach with the tendency to over- 
design i n  preference to having a marginal o r  underdesigned device. 
2.0 REQUIREMENTS 
The requirements f o r  the Rotary Power Transfer Device were derived 
from LeRc and some of the recomnendations presented by the General 
Dynamics "Study o f  Power Management f o r  Orbi ta l  Mu1 ti -100 KWE Appl i - 
cations", NASA CR 159834. I n  addition, the power condit ioning electronic 
c i r c u i t r y  imposes some constraints on the ro ta ry  transformer. The re-  
quirements which w r e  used as guide1 ines a-e as follows: 
Input from Solar Array 
Power 100 KW 
Voltage 440 Volts 
Output from Rotary Power Transfer Device 
Voltage 1 000 Vol t s  
Frequency 20 KHz 
tower Conditioning Electronics 
Resonant C i r cu i t  (Schwarz) 
Rotary Transformer 
Power 
Input Vol tage 
Input Current 
Output Vol tage 
Frequency 
Inductance 
Conf i gurh t ion 
100 KW 
400 Volts 
70 Amps 
1 000 Vol t s  
20 KHz 
75 )AH 
Concentric Cylinder 
4-25 KW mcdules 
Two para1 1 el secondary windings per modul e 
Rotational Period 
Efficiency 
Environment 
Temperature 
- Non-opera t i ng 
- Operating 
L i fe  
-
90 minutes to  24 hours 
Greater than 95% 
Shuttle Launch 
80° Heat Sink, R0tar.y Transformer 
60° Heat Sink, Power Conditioning Electronics 
5 Years 
3.0 CONFIGURATION 
The ro ta ry  transformer transfers power across the ro tary  inter face o f  
the spacecraft by electromagnetic coup1 i n g  between the primary and 
secondary winding. The 100 KW power t ransfer  requirement could be achieved 
by using a s ingle ro ta ry  transformer having a f u l l  100 KW capabi l i ty .  
However, from a system and transformer fabr icat ion standpoint, i t  was 
determined tha t  4 - 25 KW modules would provide a greater advantage. 
The use o f  4 - 25 KW modules would r e s u l t  i n  a somewhat la rger  s ize trans- 
former than a s ing le  100 KW uni t .  Figure 3.1, Rotary Transformer, 25 KW 
Modul e, shows the conf i g ~ r a t i o n  o f  a concentric cy l  i nder transformer 
modul e. 
The primary, consist ing o f  a core and winding, i s  mechanically attached 
and e l e c t r i c a l l y  connected t o  the solar  array. The secondary, also c w -  
s i t t i n g  o f  a core and winding, i s  attached t o  the spacecraft and e l e c t r i -  
cal power i s  del ivered from i t s  winding t o  the spacecraft load. The power 
from the solar array i s  converted from dc t o  ac by the power condit ioning 
electronics which i s  a Schwarz resonant c i r c u i t .  The heat generaisd by 
losses i n  the primary and secondary i s  removed by heat pipes to  thermal 
heat re jec t ion  surfaces. A d r i ve  module provides a ro ta t iona l  capab i l i t y  
from 1 revol u t ion per day t o  1 revol u t ion  every 90 minutes using a stepper 
motor, speed reducer and clutch. 
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3.1 ROTARY TRANSFORMER DESIGN 
The design o f  t he  r o t a r y  transformer involves four c lose ly  i n te r - re la ted  
major regimes: magnetic, e l e c t r i c a l ,  mechqnical and thermal. I n  addit ion, 
the power condi t ioning c i r c u i t r y  imposes inductance and voltage parameters 
on the ro+ 1 transfcrmer. Because of the  des i re  t o  keep the  ove ra l l  
r o t a r y  power t rans fer  device small i n  s ize  and weight, and the losses low, 
the  design procedure i s  somewflat c m p l  ex and i nvol ves i t e r a t i o n s  among 
the fou r  regimes. 
Both the  primary and secondary o f  the  r o t a r y  transformer consist  essen t ia l l y  
o f  a core and winding . The cores are a f e r r i t e  mater ia l  and a re  attached 
t o  the  shaf t  and housing by an epoxy. Since heat must be conducted across 
t h i s  j o i n t ,  a path o f  good thermal conduct iv i ty  must be present. This 
can be a t ta ined using a f i l i e d ,  thermally conducting epoxy, o r  i f  the  bond 
l i n e  can be maje small, an u n f i l l e d  y ~ o r y .  The primary and secondary 
windings a r e  bobbin wound, impregnated and bonded i n t o  the cores. Heat 
pipes pl-cnd i n  the sha f t  and on the  housing remove the transformer heat 
and ca r ry  i t  t o  the heat r e j e c t i o n  surfaces. Figure 3.2, Rotary Trans- 
former, Modulc De ta i l  , shows the  conf igurat ion o f  a r o t a r y  tranfors--.:- 
modul e . 
The r o t a r y  transformer design i s  t reated i n  d e t a i l  i n  the fol lowing sections. 
Table 3.1 i s  a summary 09 the  c r i t i c a l  mater ia ls  used, the reason f o r  
t b e i r  se lec t ion  and t h e i r  1 im i ta t ions .  This w i l l  provide an i n s i g h t  f n to  
the advantages and possib le problems involved i n  t h e i r  use. 

Table 3.1. C r i t i c a l  Materials 
Design Regime 
Magnetic 
E l  ect r ica l  
Material 
WN 60 Fer r i te  
Core 
L i  t z  wire 
Reason for Selection 
a) Isotropic 
b) Low core loss 
c) High permeability 
a) Low eddy current 
Mechanical 
Thermal 
Limitations 
a) f lux  lensity/temperature 
b) Coefficient o f  expansion 
c) Low Thermal conductivity 
d) Low Strength 
a) Colnections 
1 oss 
b) Solderabl e 
a) Coeff icient o f  
expansion 
b) Non-magnetic 
a) Coeff icient o f  
expansion 
b) Thermal gradients 
Thermal dissipation 
Thermal conductivity 
Nyl eze 
Inconel 
housing and 
shaft 
Inconel heat 
pipes , curved 
Radiator 
Thermally 
conducting 
ewxy 
b) L i  feltempera ture 
a) Fabrication 
b) Weight 
c) Ava i lab i l i t y  
a) Weight 
b) Ava i lab i l i t y  
a) Size, weight 
a) Shear strength 
b) Bond-line thickness I I 
3.1.1 CORE DESIGN 
The primary a d  secondary cores are fabricated from a manganese zinc 
ferr i te,  blN60, made by Ceramic Magnetics, Inc. A more detai led study 
o f  various core materials nay show that, whi-le there may be 
a f e r r i t e  which has more desirable characterist ics such as f lux density/ 
temperature, thermal conductivity and thermal expansion, 
the MN60 w i l l  perform sa t is fac tor i l y  i n  t h i s  application. MN6O was 
speci f ica l ly  chosen because of i t s  low core loss and i t s  being magneti- 
c a l l y  isotropic. Some of the magnetic, thermal and mechanical pro- 
pert ies o f  PlN60 impose constraints on the rotary transformer design. 
These constraints are not unique t o  PlN60 but are generally inherent i n  
f e r r i t e  materials. 
Some specific properties o f  MN60 and the i r  ef fects on the design are 
as follows: 
PROPERTY -- EFFECTS 
1. bximum operating f l ux  density i s  Core size affected by operating temperature. 
a function o f  temperature. Thermal run-away could occur. Monitor 
opera ti ng temperature. 
Temperature Bmax 
( OC ) JGauss) 
3500 
3000 
- 2400 
- 1 400 
0 (Curie 
point) 
2. Coefficient o f  thermal expansion. Housing, shaft heat pipes cannot be 
4 = 11.5 x 1ow6Pc fabricated from aluminum or titanium, Inconel used. 
3. Low thermal conductivity. 
K = 3.6 ~ ~ ~ h r / f t * / ~ ~ / f t  
4. Mechanically weak 
Large circumferentia 1 thermal gradients 
i n  secondary core i f  few heat pipes used, 
circumferential heat pipes necessary, 
Minimum a1 lowable thickness, 0.2". 
Secondary core thicker than necessary 
f o r  magnetic reasons. 
The flux/temperature constraints o f  PIN60 could be a l lev ia ted by using MN67. 
MN67 material has a higher Curie temperature, and higher f l u x  carry ing capab i l i t y  
than MN60, however, i t s  core losses are higher. 
Bmax a t  125'~ 
Curie temperature 
Core Loss a t  
9.6 1000 gauss 
MW 60 
-
2500 gauss 
1 8s0c 
4 m/cc 
P1N 67 
3700 gauss 
280'~ 
20 mw/cc 
The substant ia l ly  higher losses i n  MN 67 might preclude i t s  use even though 
i t s  temperature character is t ics  are s i gn i f i can t l y  bet ter  than MN 60. 
The primary and secondary cores are  shown i n  Figure 3.3. 
The cores are bas ica l ly  cy l  inders w i th  a s l o t  on the outside diameter o f  the 
primary and on the inside diameter of the secondarv t o  accomodate the primary and 
secondary windings, respectively. To f a c i l  i t i a t e  the assembly o f  the windings, 
the cores are not in tegra l  pieces bltt have a separate pole. The poles are 
epoxied t o  the other por t ion o f  the core a f t e r  the windings are i n  place wi th  
core being exercised not t o  have an excessive gap between them. The primary 
and secondary leads are brought out through s l o t s  cu t  i n  the cores. Lead s l o t s  
cannot be i n  adjacent primary and secondary poles, but must be placed i n  opposite 
ones t o  keep the a i r  gap reluctance constant independent o f  ro ta t iona l  pos i t ion 
and preventins the presence o f  a la rge reluctance torque. The ins ide diameter 
o f  the primary core, 2.5 inches, was determined by the shaft diameter, which, 
i n  turn, was established by the room i n  the shaf t  required f o r  the primary leads 
and heat pipes. 
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An a i r  gap length of .025" was selected based on mechanical and magnetic 
considerations. A somewhat larger a i r  gap probably could be used without 
substantial e f fec t  on the magnetic c i r c u i t  . 
Table 3.2 shows the magnetic characterist ics of the rotary transformer. 
As w i l l  be noted, the f l u x  densities are a l l  below the design l im i ta t jon  o f  
2500 gauss. The maximuin f lux density (2080 gauss) occurs a t  the base o f  
the primary pole (root) while the lowest (1140 gauss) i s  a t  the secondary 
pole root. The f lux density i n  the secondary yoke i s  1650 gauss. This f l ux  
density i s  determined by the mininm allowable thickness o f  core material , 
0.2". The low f l u x  density i n  the secondary pole i s  the resu l t  o f  the 
inherent pole geometry. Increasing the overall f lux density levels would 
resu l t  i n  a reduction i n  weight but would be accompanied by an increase 
i n  core losses. Some increase i n  core losses might be acceptable because 
the core losses are smaller than the copper losses and represent only 18% 
o f  the transformer losses. 
Table 3.2. b g n e t i c  Characterist ics 
FLUX DENSITY LENGTH AMPERE TURNS 
(GAUSS) (CH, APPROX) 
Primary Yoke 2000 6.6 1.3 
Primary Pole 1925 (avg) 1.1 .2 
2080 (root)  
Secondary Yoke 1650 6.6 1.2 
Secondary Pol e 1460 (avg) 4.3 .7 
1140 (root) 
A i r  gap (2) 1620 .I27 206 
Primary Core Gap 2000 .005 ( .002") 10.2 
Secondary Core Gap 1650 .005 (.002") 8.2 
TOTAL AMPERE TURNS - 227.8 
TOTAL AMPERE TURNS , 1 -1 1 
A I R  GAP AMPERE TURNS 
TOTAL CORE AMPERE TURNS , 1 .02 
Weight o f  Prlmary Core 2.1 lbs. 
Weight o f  Secondary Core 3.3 Ibs .  
Primary Core Loss 22 Watts 
Secondary Core Loss 37 Watts 
3.1.2 WINDINGS 
The power input to  the rotary transformer primary winding comes from the solar 
array a f te r  having been converted from dc t o  20 KHz ac by the power con- 
d i  t ioning electronics. The output power i s  provided by the secondary 
winding which feeds i n to  the spacecraft. Two para1 l e l  secondary windings 
have been incorporated t o  permit some degree of redundancy. Complete re- 
dundancy i s  not provided since a f u l l  25 KW module power drawn on a single 
winding would resu l t  i n  overheating the secondary. Complete secondary wind- 
ing redundancy would necessitate an additional secondary winding and an 
increase i n  weight and size. Some o f  the winding characterist ics which 
have t o  be addressed are number o f  turns, wire size, insulation, heating 
and method o f  lead connection. I n  th i s  application, the requirements of 
the resonant c i r c u i t  power conditioning imposes a constraint of having 
the rotary transformer input inductance fixed a t  75 ,4  H. 
Generally, increasing the number o f  primary turns serves to  increase the 
inductance, number o f  secondary turns, copper losses and winding area; a t  
the same time, i t decreases the core cross section area and f l u x  density. 
A trade-off has t o  be made t o  determine the best winding design. 
Because o f  the high frequency operation of the transformer, and t o  keep 
the eddy current losses small , the primary and secondary windings w i l l  be 
made o f  stranded, insulated, transposed conductors i n  the form o f  L i t z  
wire. Two major disadvantages o f  using L i t z  wire are the reduction i n  
winding space factor and a more complicated connection being required t o  
the power leads. The winding wire insulat ion w i l l  be a heavy polyurethane 
with nylon overcoat such as manufactured by Phelps Dodge under the trade 
name Nyleze. This i s  a solderable magnet wire with good windabil i t y  
PRIMARY WINDING 
Turns per winding 
Wire 
Turn Size 
Turns per layer  
Number o f  1 ayers 
Resistance a t  135' C 
2 
I Rac 
SECONDARY WINDING 
Turns per winding 
Windings i n  pa ra l l e l  
Wire 
Turn Size 
Turns per 1 ayer 
Number of 1 ayers 
Resistance a t  135OC 
576 Strands, L i t z  
636 Awg. Heavy Nyl ere 
.024 ohms, dc 
.030 ohms, ac 
147 watts 
225 strands, L i t z  
638 Awg, Heavy Nyleze 
10, each winding 
.331 ohms dc, per winding 
.417 ohms ac, per winding 
130 watts 
WINDINGS 
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and i s  compatible w i th  most impregnants. The temperature-1 i f e  
character ist ics are conservatively given by the vendor as f o l  1 ows : 
TEMPERATURE LIFE 
HOURS YEARS 
As w i l l  be seen i n  Section 3.2, Thermal Analysis, the winding temperature 
w i l l  be approximately 138OC, based on a 80°C radiator, so that, as f a r  
as the winding i s  concerned, the 5 year l i f e  requirement can be achieved. 
The c o i l s  are wound on bobbins wi th  i r su la t i on  between layers and impreg- 
nated w i th  epoxy t o  provide mechanical r i g i d i t y ,  e lec t r i ca l  insu la t ion 
and a good heat conduction path. 
At ta in ing the input inductance requirement o f  7 5 p H  represents a unique 
problem. One method f o r  doing t h i s  would be by def in ing the number o f  
turns and winding geometry. However, t h i s  i s  not amenable t o  easy adjust- 
ment o f  inductance t o  compensate f o r  small u n i t  to u n i t  variat ions; o r  
f o r  large var iat ions necessary f o r  a d i f f e ren t  appl ication. It i s  proposed 
tha t  a magnetic shunt be used t o  a t t a i n  the required inductance. The mag- 
net ic  shunt would consist of a r i n g  placed i n  the secondary core s l o t  
adjacent t o  the a i r  gap as shown i n  Figure 3.2.The r i n g  would consist o f  a 
"powdered" i r o n  of appropriate permeabi 1 i t y  , thickness, and gap which could 
be varied t o  obtain the requis i te  inductance. The r i n g  i s  shown as being 
i n  the secondary core for somewhat easier assembly; i t  could have been 
placed i n  the primary. 
The e lec t r i ca l  character ist ics o f  the primary and secondary windings 
of a 25 KW ro ta ry  transformer module are as follows: 
Resistance Inductance 
(ohms, a t  13S°C) (/A H) 
Primary 
Secondary .331, dc , per winding 30, w/o magnetic shunt 
.417, ac, per winding 56 w/ magnetic shunt 
(secondary has two 
ident ica l  windings) 
The primary and secondary winding designs are given i n  Table 3.3. Dis- 
cussions held w i th  personnel o f  New England E lec t r i c  Wire Company, Lisbon, 
N.H., indicate t ha t  there should be no problem procuring the L i t z  wire 
i n  the s ize and stranding required. A1 though a square L i t z  wire geometry 
i s  defined, i t  i s  possible t o  achieve aspect r a t i os  up t o  6:l.  This large 
an aspect r a t i o  i s  not desirable f o r  the ro tary  transformer because o f  the 
larger bend and radius, 2:l t o  3:1, needed. Smaller wire diameters than 
#38 AWG can be manufactured but tend t o  be more subject t o  breakage. I f  
the winding eddy current losses are found t o  be greater than anticipated, 
smaller wire diameters would be required. An a1 ternat ive t o  smaller wires 
would be a change i n  c o i l  geometry t o  one having a smaller rad ia l  thickness. 
Figure 3.4, Assembly, Primary 25 KW Transformer Module and Figure 3.5, 
Assembly, Secondary, 25 KW Transformer Module, shows the configurations 
of the primary and secondary windings and cores. 
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3.1.3 LEADS 
The power leads t o  the primary winding and from the secondary w i l l  consist 
o f  insulated, stranded conductors. The primary w i l l  use dl0 wire and the 
secondary w i l l  use #14 wire. I n  addition, the leads w i l l  be shielded and 
used as twisted pairs i n  order t o  keep electromagnetic interference to a 
minimum. The primary leads are placed i n  longitudinal slots i n  the shaft 
and held i n  prreition with an alunina f i l l e d  epoxy which also serves as a 
heat conducting media. The secondary leads are clamped to the transformer 
housing. 
3.1.4 HOUSING 
From the aspect of weight, ava i lab i l i t y  and ease o f  fabrication, i t would 
be desirable t o  nuke the housing fm aluminum and attach the transformer 
cores and heat pipes t o  it with an epoxy. However, a problem arose because 
o f  the differences o f  coefficients o f  expansion o f  the cores, housing 
material and heat pipe material ; and Wte neces: ty fo r  transferring the 
heat from the f e r r i t e  cores t o  th?  heat pipes across epoxy bonds. It was 
or iginal ly assumed that thermally conducting epoxy was desirable i n  order 
t o  reduce the temperature gradients. Since thermal 1 y conducting epoxie= 
are f i l led ,  usually with alumina, they are r i g i d  and require a thick bond 
i n  order t o  withstand t h e m 1  di f ferent ia l  expansion between the parts. A 
thick bond, even using thermally conductive epoxies, can resul t  i n  high 
temperature gradients. The alternative approach i s  t o  use an unf i l led  
epoxy with a th in  bond-line. A th in  bond o f  epoxy results i n  a better 
mechant cal design and comparable or improved thermal characteristics . 
However, the use of a th in  bond-1 ine necessitates closely matching the 
thermal expansion of the core, housing and heat pipes. 
Studies were made based on using various combinations o f  the follawing 
materials: 
a Heat Pipe 
Almfnm, Titanium , Stainless Steel , Inconel 
Almimra, Titanium , Stainless Steel, Inconel 
The t h e m 1  expansion coeff ic ients and thermal conductivit ies for these 
materials, up t o  100'~ are: 
Th-1 Expansion Thermal Cfinductivi ty  1 Per C) 0?U h r / f t 2 ~ ~ / l n  
HN 60 Fer r i te  11.5 x loo6 
Inconel 702 12.1 x 
722 12.1 x 
X 750 12.6 x 
Aluminum 6061 23.4 x 10 '~  
Stainless Steel 302 17.3 x 1 0 ' ~  
305 16.5 x 
309 14.9 x 
310 14.4 x 1 0 ' ~  
Titanium 6A1-4V 9.0 x log6 
Figure 3.6 shows the possible combinations of materials and epoxy bond thick- 
nesses. It appears that  the best approach consists of using an Inconel housing 
and Inconel heat pipes. Another approach would be the use of stainless steel 
housing and heat pipes. The Inconel system provides a better match of thermal 
conductivity to  the f e r r i t e  than a stainless steel system. Figure 3.7 , Housing, 
F i g u r e  3.6 Rotary  Transformer M a t e r i a l  Combinations 
FERRITE CORE 
w I I ! I I I I 
THIN BOND THIN BOND THIN BOND THICK BOND 
I 
TITBCIIW ALUMINUM 
HOUSI NG HOUS INL; 
* * 
STAINLESS 
I C 1 
HOUSI NG 
THIN 
BOND 
I 
THIW THICK THICK 
80(90 BOND BOND 
THIN 
BOND 
- 
STAINLESS 
HEAT PIPE 
J 
T I T A N I l U  INCONEL ! STAI NLESS 
HEAT HEAT HEAT 
PIPE PIPE PIPE 
. * i .  . 
- . 
ALUM1 HUM 
HEAT PIPE 
0 

could be used with either Inconel or stainless steel material . 
A concern i s  the ready ava i lab i l i t y  o f  Inconel of the requisite size 
for the housing, and o f  Inconel heat pipes. I f  it i s  found that 
the procureinent of Inconel parts presents serious problems, a viable 
a1 ternative would be the u t i l  i t a t i on  of stainless steel. The pre- 
ferred grades of Inconel and stainless steel from the aspects o f  
thermal expansion and thermal conductivity are: Inconel 722 or 702; 
o r  310 stainless steel. 
The major disadvantages o f  Inconel , i n  addition to  avai labi l i ty,  are 
i t s  density, d i f f i c u l t y  o f  fabrication and poor thermal conductivity; 
however, i t  does permit the use o f  an unfi 11 ed epoxy. 
Another aspect o f  consideration was that the use of titanium or alumi- 
num heat pipes i n  conjunction with methanol, the preferred heat pipe 
fluid, was not recomnended by vendors because of material compati- 
b i  1 i t y  problems. 
3.1 .5 ADHESIVES 
Epoxy adhesives are used i n  the ro ta ry  transformer to bond various parts 
together and t o  function as a heat conducting j o i n t  between the parts. Their 
proper performance i s  v i t a l  t o  the operation o f  the rotary transformer. Should 
there be a fa i lure i n  the i r  heat conducting capabil i t ies, the temperature 
gradient across the j o in t s  wbuld become high causing the transformer temperatures 
t o  become excessive. 
Two types o f  adhesives were considered fo r  use i n  the rotary transformer u n f i l l e d  
epoxy adhesives and f i l l e d  epoxy adhesives. F i l l ed  epoxies were considered 
because o f  t he i r  higher t h e m 1  conductivity than the unf i l led.  Tbere are two 
types o f  f i l l e d  epoxies: e lec t r i ca l l y  insulat ing and e lec t r i ca l l y  conductive. 
E lec t r i ca l l y  insulating epoxies are t yp i ca l l y  f i l l e d  wi th  alumina while conducting 
epoxies are f i l l e d  with si lver. Although the s i l ve r  f i l l e d  are some highly 
conductive than the alumina, t h e i r  bond strength was poorer and were not 
recommended fo r  the rotary transformer. Unf i l led  epoxy adhesives have higher 
bond strength than the f i l l e d  epoxy but have lower thermal conductivities. 
Another aspect i s  tha t  f i l l e d  epoxies necessitate a bond l i n e  thickness o f  a t  
least .OIOn because o f  the inherent size o f  the f i l l e r  part icles. Unf i l led 
epoxies can have substantial ly thinner bonds. 
Discussions were held with a number o f  vendors t o  obtain the i r  recommendations 
for epoxies. These vendors included Emerson & Cumming, Canton, Hass. i 
Furane Products Division, Ma1 Chemicals, Inc . , Los Angel es, Cal if. ;and, 
Arernco Products, Ossining, New York. Based on these discussions, two 
Emerson & Cunning adhesives, Eccobond 285 and Eccobond 45, were selected fo r  the 
rotary transformer. Eccobond 285 i s  an alumina filled epoxy while Eccobond 45 
i s  unf i l led.  
The following i s  a surmnary of the characterist ics o f  the candidate adhesives 
f o r  use i n  the rotary transformer: 
ECCOBONO 285 ECCOBOMO 45 
ALUISIHA FILLED EPOXY UNFILLED EPOXY 
Shear Bond Strength (psi) 21 00 31 00 
F l e x i b i l t t y  Rigid Adjustable 
Thermal Conductivity 10.4 
( ~ T U / h r / f t ~ / ~ ~ / i n )  
T h e ~ l  Expansion Coeff icient 15 
(10 I 0 C )  
Dielectr ic Strength 420 
(vol ts lm i l  ) 
Service Temperature 177 
(OC MX) 
The adhesives w i l l  be used i n  the rotary transformer as follows: 
ADHESIVE 
Primary 
Core t o  Shaft 
Winding 
Bobbin t o  Core 
Heat Pipes t o  Shaft 
Leads t o  Shaft 
Eccobond 285 (F i l led)  
Ecco bond 4 5 
Eccobond 285 
Eccobond 285 
Eccobond 285 
Secondary Ad hesi ve 
Core to  Housing . Eccobond 45 (Unf i 1 1 ed) 
W i  ndi ng Eccobond 45 (Unf i 1 led) 
Winding t o  Core Eccobond 285 (F i l led)  
Heat Pipes t o  Housi ng 
Magnet Shunt t o  Bobbin 
Further study might show that  other adhesives would be more applicable 
t o  the rotary transformer because o f  more desirable and better shear 
strength, thermal conductivity , temperature o r  fabr icat ion characterist ics . 
However, those selected should perform as required. 
The following table shows the shear stress as a function o f  epoxy 
thickness f o r  Eccobond 45, an un f i l l ed  epoxy. It can be seen that  
the use o f  an Inconel housing wi th  the f e r r i t e  core resul ts i n  the 
thinnest epoxy bond1 ine. If a f i l l e d  epoxy were used, the comparable 
thickness would be greater because o f  i t s  higher shear modulus and 
lower shear strength 
EPOXY 
PARTS EPOXY THICKNESS SHEAR STRESS 
(INCHES) (PSI) 
Fe r r i t e  Core/Inconel Housing 
Fer r i te  Core/310 Stainless Housing .029 3000 
.058 1 500 
Fe r r i t e  Core/Titanium Housing 
Titanium Housing/Stainless Heat Pipe .42 3000 
.84 1 500 
3.2 THERMAL DESIGN 
The thermal design o f  the rotary transformer i s  o f  great importance 
because i t  defines the overal l  size and weight o f  the 1Eotar.v Power 
Transfer Device. Heat i s  generated i n  the transformer windings and 
i n  the cores. The magnitude o f  these losses are csntrol lable: 
decreasing tk current density i n  the windings and decreasing the 
f lux density i n  the cores w i l l  reduce the losses, but a t  the expense 
o f  size and weight. There are two temperature l i m i t s  associated 
with the rotary transformer: winding temperature and core temperature. 
The winding temperature i s  l i fe- l imi ted,  the higher the temperature, 
the shorter the l i f e .  As discussed i n  Section 3.1.2, Windings, the 5 
year l i f e  requirement w i l l  be attained if the winding temperature 
i s  kept below 138OC, while a 145OC winding temperature w i l l  have a l i f e  
o f  2.3 years. The core temperature i s  1 i m i  ted t o  1 2!j°C by the f lux 
carrying capabi l i ty o f  the f e r r i t e  core material. Higher core tempera- 
tures than 125OC resul t i n  lower effective permeabi 1 i ty which increases 
the magnetizing current which, i n  turn, increases the losses and, thus, 
the core temperature i s  increased further. 
The heat re ject ion system consists of heat pipes attached t o  the rotary 
transformer primary and secondary which transfer heat t o  thermal 
radiators. Heat generated i n  the cores and windings i s  transferred 
by conduction t o  the heat pipes. The heat pipes would normally be 
stainless steel wi th methanol being the working f l u id .  However, be- 
cause the shaft and housing are fabricated from Inconel and because 
o f  thermal expansion considerations, Inconel appears t o  be a better 
heat pipe material. A1 though Inconel has not been used as a heat 
pipe material , there does not appear t o  be any inherent reason why 
they could not be fabricated and used w i th  the methanol working 
f l u id .  
T9e primary and secondary losses i n  the rotary transformer are 683 
watts and 668 watts, respectively. Four heat pipes having a diameter 
o f  112 inch have su f f i c ien t  capacity t o  remove these losses. Placing 
four 112 inch diameter heat pipes i n  the shaft, see Figure 3.8, Shaft, 
w i l l  rcmove the primary losses qui te sat is factor i ly .  However, i f  four 
1/2 inch heat pipes are placed on the secondary housing, a problem 
arises because o f  a s ign i f icant  circumferential thermal gradient. This 
resul ts  from the fact t ha t  the four heat pipes are widely spaced around 
the housing, being approximately 5 inches from each other. I n  addition, 
the thermal conductivity of the f e r r i t e  cores and the Inconel housing 
i s  re la t i ve l y  low. 
The large circumferential spacfr.g, coupled with a poor circumferential 
conductivity, can produr- local hot spots i n  the winding and core. 
Increasing the number o f  heat pipes from four t o  eight does reduce the 
gradient, but not t o  acceptable levels o f  temperature. However, by 
using four curved heat pipes, each 3 inches wide, see Figure 3.9, 
Secondary Heat Pipe, 60% of the housing surface i s  covered and the 
circumferential temperature gradient i s  practical l y  e l  iminated. 01s- 
cussions were held wi th  personnel o f  McDonnel Douglas, S t .  Louis, and 
they indicated that, a1 though it has not been done, there were no 
fundamental problems i n  fabr icat i  ng the required curved heat pipes 
from Inconel . 
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The temperatures o f  tk rotary transformer primary and secondary 
cores and wf ndings were calculated. This was done based on a 60°C 
radiator temperature and an 80°C radiator temperature. The 60°C 
radiator temperature w i l l  resul t i n  lower rotary transformer temper- 
atures, but w i l l  be larger and heavier than an 80°C core. 
The thermal conductivities o f  the materials used i n  the rotary 
transfomer, as well as some al ternat ive ones, are its follows: 
MN 60 Ferr i te  
Inconel 722 
702 
Bobbin, Melamine qlass 
Text01 i t e  
Winding 
Epoxy Eccobond 45 
Eccobond 285 
* Used i n  Rotary Transformer 
The temperatures of the primary and secondary cores and windings were:: 
Primary Secondary 
60°C 80°C 
Radiator Radiator 
60°C 80°C 
Radiator Radiator 
Core 95OC 115OC Core 96°C 116°C 
(22 watts) (37 watts) 
Winding 118OC 138OC W i  ndi ng 1 1 O°C 1 30°C 
(148 watts) (130 watts) 
The thermal calculat ion= show t h a i  the primary and secondary core 
temperatures are both below the 125OC maximum wi th  e i ther  60°C 
o r  80°C radiators. The primary winding temperature i s  higher than 
the secondary winding temperature. I f  an 80°C rad ia tor  i s  used 
w i th  the primary, i t s  temperature, 138OC, w i l l  r esu l t  i n  an es t i -  
mated winding 1 i f e  o f  5 years which i s  specified. 
'Fhe sources o f  largest  temperature gradients i n  the ro ta ry  trans- 
former were as follows: 
Primary : Bobbin, Fe r r i t e  Core 
Secondary : Winding, Winding t o  Core Epoxy Bond 
Consideration should be given t o  the thermal radiators since they 
w i l l  contr ibute t o  the overal l  weight o f  the ro ta ry  power transfer 
device. Table 3.4 gives the radiator s ize and wefght based on two 
d i  ff erent base temperatur,?~ , 60°C and 80°C. 

A solar array drive s#chani#a developed by General Electric i s  appli- 
cable fo r  use as the drlve on the Rotary Power Transfer Devlce. This 
solar array drive i s  space qua1 i f i e d  and has been f l o w  s u c c ~ s f u l l y  
on a number o f  spacecraft including Nimbus, ERTS and BSE. The major 
parts of the solar array driwe are the stepper motor, harmonic d r i w  
speed reducer, spur gear set and wrap spring clutches. The drive con- 
tai ns t#o cornpl etel y redundant unidi rectional drives interconnected 
by tno wrap spring clutches which perwit either or both drives to be 
energized with a resultant output torque o f  20 ft. Ibs. and 40 ft. lbs., 
respectively. Rotational speeds between one revolution per day to  one 
revolution every 90 minutes can be achieved. 
The stepper motor i s  a brushless permanent magnet DC stepper motor having 
a tm, phase winding and a 1.8" step angle. The stepper motor was 
selected because of i t s  r e l i a b i l i t y  and simplicity o f  construction. It 
contains no brushes or  commutators or  rubbing mechanical parts. 
The harmonic drive produces a speed reduction o f  100:l; i t  i s  simple, 
having only three major parts: the circular spline, the flexspline and 
the wave generator. The 100:l ra t io  avoids excessively f ine teeth and 
i s  the upper l i m i t  recommended by the manufacturer. The materials used i n  
the harmonic drive are 321 and 17-4 PH CRES. 
The spur gear set has a 6.05:l gear ratio. I t  consists o f  a 19-tooth 
pinion and a 115-tooth output gear having a 20 diametrical pitch, 20 
degree pressure angle, and class 12 gears. The pinion material i s  
n i  tr ided steel and the output gear i s  hard anodized 7075 -T6 a l m i -  
nun. The dissimilar i ty of the materials prevents cold welding should 
there be a lubrication fai lure and a breakdown o f  the metallic coatings. 
The assembly i s  dry lubricated. The only exception i s  a small quan- 
t i t y  o f  Krytox grease i n  the harslanic drive. The bearings, wrap spring 
clutch and sput gear sets are a l l  lubricated with bonded only disulfide 
films. 
The drive characteristics are as follows: 
Hotor 
1 rev01 ution per day 1 watt 
1 revolution per 90 minutes 4 watts 
Weight 6.6 lbs. 
Electronics 
5 vdc and 28 vdc available 
Power 
weight 
Au tomus  power supply 
Power 
Weight 
1 watt 
1 lb. 
10 watts 
10 lbs. 
4.0 RESULTS 
The Rotary Power Transfer Device i s  a feasible technique for trans- 
ferring power i n  the 100 KLI to 200 IM regime across a rotating space- 
c ra f t  interface. The rotary transformer does not necessitate materials or  
techniques which are not currently available. The rotary transformer 
was designed conservatively; a design optimization and a materials study 
could result  i n  weight and size reduction. A reduction i n  weight could 
be achieved if, for example, titanium or aluminum could be used instead 
of Inconel for the shaft and housing. Also, a more detailed thermal 
analysis could show how the transformer could be made smaller with 
no increase i n  core or winding temperatures. 
A 1 i s t ing o f  the characteristics o f  the Rotary Power Transfer Device 
i s  srwnarized, both a t  the canponent and system lewels. This smmari- 
zation covers weight, size, losses and efficiency. I n  order to pro- 
vide figures o f  merit that w i l l  permit analysis and comparison, a 
tabulation o f  weight/poner rat ios i s  given for the power transfer 
device from the component and assembly levels to the complete system. 
A weight breakdown was made for  the Rotary Pawler Transfer Device 
and the results are given below. 
Rotary Transformer 
The power transfer device consists of 4 - 25 KW transformer modules. 
The weight of a single 25 ICU module and o f  the feur modules i s  as 
follo#s: 
Priiuary Secondary Total 
( l b d  (1bs) (i bs) 
Copper 1.1 1.8 2.9 
Core 2.1 3.3 5.4 
Epoxy, Shunt 1 .O 1.3 2.3 
Hi x e l  1 aneous .5 .5 1 .O 
Total 4.7 6.9 11.6 (5.3 Kg) 
100 KW Rotary Transformer, 4 - 25 KU M u l e s  
Primary 18.8 lbs. 
Secondary 27.6 Ibs. 
To ta 1 46.4 lbs. (21.1 K ~ )  
Mechanical Parts 
The weight of the mechanical parts which includes housing, shaft, k t  
pipes, etc., f o r  t h i s  device is :  
Housing 8.4 lbs. 
Shaft 11.8 lbs. 
Leads 2.0 lbs. 
End b u n t s  7.0 lbs. 
Heat Pipes 8.6 lbs. 
Bearings 
Hardware 
M i  sc . 
Total 
.7 lbs. 
2.0 lbs. 
3.0 lbs. 
43.5 Ibs. (19.7Kg) 
Drive !khanism 
The weight o f  the dr ive mechanism and i t s  associated control is :  
Hechani sm 6.6 lbs. 
Control 
5 & 28 volts 1 l b  
provided 
Autononous 10 lbs. 
Total 
5 & 28 volts 7.6 Ibs (3.5 Kg) 
provided 
Radiators 
The weight of radiators required for the rotary transformer losses i s  
60" C Base 7.9 lbs. (3.6 Kg) 
80° C Base 6.5 Ibs. (3.0 Kg) 
The 80° C base radiators appear satisfactory f rom the aspect of trans- 
former temperatures. 
Power Conditioning 
The weight o f  power conditioning electronics i s  estimated as 
being: 
25 KW module 
100 K1J 
19 lbs. (8.6 Kg) 
76 lbs. (34.5 Kg) 
The radiator weights f o r  100 KW are: 
60°C Base 11.8 lbs. (5.4 Kg) 
80" C Base 9.6 lbs. (4.4 Kg) 
A 60" C base radiator nas selected t o r  the power carrditioning. 
100 KW Rotary Power Transfer Oevice 
Cumulative 
Total -(Lbs.) 
Rotary Transformer 
Housing, Shaft, Heat Pipes,etc. 
Rotary Transformer Assembly 
Radiators (80" C Base) 
Drive 
Power Conditioning Electronics 
Radiator (60° C Base) 
46.4 (21.1 kg) 
43.5 (19.7 kg) 
89.9 (40.8 kg) 
6.5 (3.0 kg) 96.4 (43.8 kg) 
7.6 (3.4 kg) 104.0 (47.2 kg) 
76.0 (34.5 kg) 
11.8 ( 5.4 kg) 
Rotary Power Transfer Oevice 191.8 (87.1 kg) 
4.2 SIZE 
Rotary Transformer 
Diameter Length (Inches) ( Inches) 
100 UU Assembly 7.43 14.3 
Rotary Power Transfer Device 7.43 16.25 
Overall Envelope 8.25" x 10.40" x 16.25" Long 
4.3 LOSSES, POWER and EFFICIENCY 
Rotary Transformer 
Losses, Watts 
25 KW Transformer Module 
Primary Secondary Total 
Copper 1 48 1 30 278 
Core 22 37 59 
Total 1 70 1 67 337 
100 KW Rotary Transformer, 4 - 25 KU Modules 
Primary 680 watts 
Secondary 668 watts 
Total 1348 watts 
Efficiency 98.6% 
Mechanism 
Power 
5 vol ts and 28 vol ts  provided 5 watts 
Autonomous 15 watts 
Power Conditioning 
Losses 
25 KW Module 
100 KW 
500 watts 
2000 watts 
Power Condi tioning - continued 
Efficiency 90% 
Overall Sys tern 100 mi 
Rotary TrancFormer, Power Conditioning 
and Drive Loas 3353 watts 
Ef f i c i  ency 98.6% 
4.4 WE1GbT;PWER RATIOS 100 KW 
Lbs. (Kg) b C *  
Rotary Transfarmer 46.4 (21.1 Kg) 2.2 4.7 .21 
Rotary Transformer Assembly 89.9 (40.8 Kg) 1.1 2.5 .41 
Rotary Transformer Assembly 96.4 (43.8 Kg) 1.04 2.3 .44 
and Radiators 
Rotary Transformer Assembly, 104.0 (47.2 Kg) .96 2.1 .47 
Radiators 8 Drive 
Power Conditioning Electronics 76.0(34.5Kg) 1.32 2.9 .35 
Rad i a tor  11.8 ( 5.4 Kg) 
Rotary Power Transfer Device 191.8(87.1Kg) .52 1.1 .87 
5.0 CONCLUS IONS 
The following conclusions can be made based on the Design Study, Task 11. 
1. The rotary transformer i s  a feasible power transfer device. 
2. The concentric cylinder i s  easier t o  implement than the para1 l e l  
p late approach. 
3. The para l le l  p late configuration i s  a via'le al ternat ive t o  the 
concentric cy l  inder . 
4. The Rotary Power Transfer Device has an envelope o f  8.25" x 10.40" x 
16.25"; and a weight o f  590.8 l bs  (86.6 Kg) without radiators, and 
209.1 lbs. (94.9 lbs.) wi th radiators. 
5. The rotary transformer assembly, made up o f  4-25 KW modules, i s  
6.43 " diameter, 14.3 " long; weighs 41.5 lbs. (18.8 Kg), without 
heat pipes; and 50.1 lbs (22.7 Kg) wi th  heat pipes. 
6. The power conditioning electronics i s  based on a Schwarz resonant 
c i r c u i t  and weighs 76 lbs. 
7. The overail efficiency o f  the 100 KW Rotary Power Transfer Device 
i s  96.6%, the rotary transformer i s  98.6%, and the power condition- 
ing i s  98.0% 
8. Trade-off studies i n  the magnet1 c, e lect r ica l ,  mechanical and 
thermal design could resu l t  i n  a s ign i f icant  size and weight re- 
duction. 
9. The use o f  f e r r i t e  imposes temperature 1 fmitations on the cores. 
10. Dif ferent ial  thermal expansion indicates the use o f  Inconel 
for housing, shaft and heat pipes. 
1 1 . Poor thermal conductivities o f  Inconcl and f e r r i t e  necessitate 
the use o f  curved heat pipes t o  prevent hot spots. 
12. Unf i l led epoxies resu l t  i n  a better thermal and mechanical 
design than f i l l e d  epoxies because o f  better shear strength 
and thinner bond-1 ines. 
13. The dr ive w i l l  be provided by a qual i f ied solar array drive 
mechanism. 
APPENDIX 
Design Formulas 
' Flux Dens'i t y  
B = f l u x  density, gauss 
E; = square wave equivalent o f  input voltages, vo l ts  
f = frequency, Hz 
N =  umber o f  turns i n  primary. 
A = cross sect i  on area, cm 2 
(t2 edt 
Winding Area 
2 
A,,, winding area, c o i l  only, i n  (Does not include area 
required f o r  bobbin, insulation, connections) 
N = number o f  turns 
a = area o f  insulated strand, i n  2 
s = number o f  strands 
FF c o i l  fill factor, approximately .6 
Resis tmce 
"' , primary or reconday R d c = " ~  
Rdc = dc resistance, ohms 
W = n u j e r  o f  turns, primary or secondary 
mT = mean length o f  turn, inches 
A = cross-section area o f  turn, i n  2 
p = electr ical  res is t iv i ty ,  a t  operating temperature, dra i n / i n  2 
R,, = ac resistance o f  winding 
m 
h = height o f  rectangular conductor, inches 
f = fr4uency, hz 
w = width o f  conductors i n  s l o t  
s = total  width o f  s l o t  
q = amber o f  conductors i n  height (radial ly) 
For the rotary transformer, th is  equation can be sit i tpl i f ied t o  
Inductances 
Primary 
Secondary 
where 
L~ = primary inductance, henries 
N = nuRlber of turns, primary 
PLTp = Ilern length o f  turn, primry, a 
dl 0 = depth of primary s lo t  occuplied by winding, an 
d2? = depth of primary sloth not occup3ed by winding, cm 
w = w i d t h  o f  sloth, an 
MLT, = r a n  length of turn, secondary 
dl s = depth of secondary s lo t  occupied by r i d i n g ,  cm 
dZ5 = depth of secondary s lo t  not ocwpfed by winding, an 
ds = depth o f  shunt, an 
v = pemeabil i t y  o f  shunt 
A i r  Gap 
L - af r gap inductance, henries 9 
Ag = area of gap, a12 
r = length of gap, un 9 
Inductances (continued) 
= mgnetizlng inductance, henries 
k, = saturation factor 
= awere turns for magnetic circuit  
-re turns for air gap 
TASK I I 1  
RECOHHENOATIWS AND TESTING REQUIREENTS 
TASK I11 
IEEcW4ENaATIOIIS M D  TESTING REQUImNtS 
1.0 INTRODUCTION 
As piart o f  Task I 11, Recoaarendations and Testing Requirements, the fol lawin9 
subjects were covered: 
1 Baseline S l ip  Ring 
2. Testing 
3. t(ew Technology or  Components 
4. Recaaerendations 
The baseline s l i p  r ing involved the determination o f  the characteristics o f  a 
conventional brush-type s l i p  r ing that the same requirements as the power transfer 
device, and comparing i t  with the power transfer device. I n  testing, some o f  the 
problem and possible solutions associated with the performance and l i f e  test  aspects 
are reviewed, and the faci' :ty and instrustentation r e q u i m t s  are delineated. New 
technologies or components cover developments necessary for the ratory transformer 
and power conditioning electronics. Reconmendations are given fo r  future e f f o r t  fo r  
the power transfer device. 
2.0 BASE LINE SLIP RING 
I n  order t o  obtain an idea o f  the comparative characteristics, Po lysc imt i f i c  
Corp., Blackburg, VA. provided an estimate o f  a s l i p  r i ng  which would be applicable t o  
transferring 100 Kld e lec t r i ca l  power i n  25 KU modules. Po lysc imt i f i c  has broad 
experience i n  the design o f  p e r  s l i p  rings for spacecraft applications. 
A sumnary o f  the Polyscient i f ic s l i p  r i ng  design i s  as follows (see Appendix): 
Power 
Voltage 400 VDC 
Current 62.5 haps Per M u l e  
250 Amps, Total 
L i fe  5 Years 
R i  ngs 
Ntanber 
Ha t e r i  a1 
Brushes 
Number 
Current Density 
Material 
8, Total 
4 Positive, 4 Negative 
Coin Si lver  (9 89-10 Cu) 
or  Hard S i  1 ver E l  ectrodeposi t 
8 Per Ring 
62.5 h p s / i # ,  Normal 
150 Amps/ i n , Emergency 
S i  l ve r  , Wolydi su l f  ide and 
Graphite 
Contact Drop .090 "01 t s  
Drive Torque 8 in-lbs. 
Power Loss 45 Watts 
Size 
Length 
Outside Diameter 
11 Inches 
5.5 Inches 
Weight 13 Lbs (5 Kg) 
A comparison o f  the weight and losses of the st i p  rfng M t h  cumulative assembly 
build-ups of the Rotary Power Transfer Device i s  shown i n  Table 1. As would be 
expected, the rotary transfer device i s  heavier and has greater losses than a brush- 
type s l i p  ring. However, only compairson between should be done a t  the system level 
and consider the overall effects on the spacecraft o f  the welght and power character- 
ist ics. The study by General Dynamics o f  power mnagment for multi-100 KU applications 
shows that the use of a rotary transformer results i n  net advantages a t  the spacecraft 
1 eve1 . 

3.0 TESTING 
Testing o f  the Rotary Power Transfer Device presents a challenge because o f  
the uniquness o f  the device, the high power and high frequency involved. The 
power transfer devtce basical l y  consists o? power condi tfoning electronics t o  change 
dc power t o  20 KHz ac and a 100 Ktf ro tary transformer; also, heat pipes are used t o  
remove the heat from the i z t a v  transformer and a dr ive mechanism to  provide rotat ion 
capabi l i ty for the transformer. I n o r d e r  t o o b t a i n  f u l l e s t  understanding o f  the 
performance of the power transfer device, the characterist ics o f  the power condition- 
ing electronics and rotary transformer should be determined, f i r s t ,  individually, and 
ther together. The t.est program i s  not showed as betng par t icu lar ly  d i f f i c u l t ;  how- 
ever, detai led planwing w P l l  be required. 
The tests on the rotary transformer should include the following: 
E lect r ica l  Parameters 
Resistance & Inductance 
Loss Characteristics 
Copper Loss & Core Loss 
Load Test 
Eff iciency 
Regulation 
Temperature 
Die lect r ic  Test 
Insulat ion Resistance 
Die lect r ic  Strength 
Electromagnetic Interference 
Torque 
I n  addition, the rotary transformer tests should be tested wi th  the power condition- 
i ng electronics t o  provide overal l  characteristics. These tests would cover: 
Loss Characterist ics 
Load Test 
Electromegneti c Interference 
A technique tha t  could be considered f o r  the load tests on the ro tary  trans- 
former alone would be the "back-to-back" method. This consists o f  using two s im i la r  
transformers and loading one on the other and w i th  the only power required being 
tha t  t o  supply the losses. The primaries o f  the transformers are connected para l le l  
t o  the supply; the secondaries are connected i n  series opposition. Load current i s  
c i rcu la ted through the windings by introducing comparatively small, low-vol tage 
ac power from a second supply. This technique could be used since there are 4-25 KW 
transformer modules i n  the power t ransfer device. The back-to-back method appears 
very promising because i t  reduces the power required per t e s t  so tha t  special high 
power cest f a c i l i t i e s  are not necessary. However, a c a r e f ~ l  review and check-out 
o f  t h i s  procedure i s  necessary t o  establ ish i t s  v a l i d i t y  i n  t h i s  appl icat ion which 
includes both a ra tary  transformer and power condit ioning electronics. 
Getting e lec t r i ca l  power t o  the ro ta t ing  primary winding during t es t  can be 
achieved several ways: 
1. Allow the input leads t o  wind up and then reversing the d i rec t ion  
6 :  the motor dr ive t o  unwind them. 
2. Use conventional s l i p  rings. 
The f i r s t  approach appears more promising since i t  does not entai 1 the procurement 
o f  high power s l i p  r ings f o r  vacuum operation. 
3.1 FACIL ITB 
The major fac i  1 i t i e s  requi red f o r  test ing the Rotary Power Transfer M i c e  
include the f o l  lowing : 
Power 
120 KW 440 Volts dc 
Power Control Equipment 
C i rcu i t  Breakers 
Switches 
Load Banks 
Thermal Vacuum Chamber 
Electromagnetic Interference 
Die lsct r ic  Test 
The major fac i  1 i t y  requirement f o r  test ing the rotary power transfer device 
i s  the power required: 100 KW, 440 vol ts dc. This i s  a high power, however, i t  i s  
available; f o r  example, the General E lect r ic  High Power Laboratory i n  Philadelphia, 
Pa. , has a capacity o f  7500 amps a t  700 vol ts  dc, which i s  i n  excess o f  the requi rements 
o f  the power transfer device. However, i t  would be appropriate t o  determine i f  the 
back-to-back tes t  method o r  other t e s t  techniques could be used so that  t h i s  power 
requirement could be al leviated and permitting more f l e x i b i l i t y  i n  testing. 
3.2 INSTRUMENTATION 
The instrumentation necessary t o  tes t  the Rotary Power Transfer Device would 
i ncl ude : 
DC Voltage 500 Volts 
Current 65 & 250 Amps 
Power 25 & 100 KW 
AC Voltage 1000 Vol t s  
Current 25 & 100 Amps 
Power 25 & 100 KW 
EM I 
Temperature 
Torque 
Impedance Bridge 
Osci 1 1 oscopes 
Recorders 
3.3 LIFE TESTING 
L i f e  tes t ing o f  the Rotary Power Transfer Device does not appear t o  present any 
unique problems. The l i f e  t e s t  should be run i n  thermal vacuum w i th  f u l l  load on 
the ro tary  transformer under ro ta t iona l  conditions. The Rotary Power Transfer 
Device would be f u l l y  instrumented t o  record input  and output power character ist ics 
and temperatures. Controls would be provided t o  shut down if rota ry  transformer 
temperatures become excessive o r  if the power parameters become anomolous. A 1 i f e  tes t  
should be preceeded by tes ts  which would simulate 1 aunch environments. Consideration 
should be given t o  an accelerated l i f e  test .  This i s  not d i f f i c u l t  on mechanical 
components which can be run a higher speeds t o  demonstrate 1 i f e  capabi 1 i ty. The 1 i f e  
o f  e l ec t r i ca l  components i s  temperature 1 i m i  ted, however, a temperature over 125OC 
on the ro ta ry  transformer cores w i  11 resu l t  i n  a degradation o f  performance while 
a t  the excessive temperatures. A t es t  technique would have t o  be evaluated f o r  
performing v a l i d  accelerated 1 i f e  t e s t  on bne ro ta ry  transformer. 
Fu l l  load character ist ics on the transformer can be achieved by using the 
back-to-back method. An a l ternat ive method would be t o  run the transformer w i th  
the secondary shor t -c i rcu i ted producing f u l l  load current i n  both the primary and 
secondary. However, since under short c i r c u i t  w i th  low input  voltage, the core 
loss and magnetizing current are low, the input  current would have t o  be increased 
somewhat so tha t  copper losses would be equal t o  the normal f u l l  load copper losses 
plus core losses. 
4.0 NEW TECHNOLOGIES OR COMPONENTS 
No new technologfes or components are required t o  fabricate and tes t  the rotary 
transformer. This can be done withtn the present state o f  the ar t .  There are some 
areas that  might necessitate some further Pnves tigation. If further investigatton i s  
not undertaken, the rotary transformer s t i l l  could be bu i l t .  The areas f o r  further 
study and the a1 ternatives are as follows: 
Component Area o f  Investigation A1 ternat i  ves 
Heat Pipes Fabrication o f  Curved Inconel (a) Additional c i rcu la r  
heat pipes. heat pP pes . 
(b) F la t  heat pipes. 
Windings Coi 1 Connections. Increased transformer 
1 ength . 
Magnetic Shunt Attainment o f  Permeabil i ty. (a) External tr imni ng 
inductance . 
(b) Increased transformer 
size. 
The primary area of concern i n  the rotary transformer would be the magnetic 
shunt. There i s  no fundamental concern that  a magnetic shunt o f  the proper magnetic 
characteristics can be attained; however, some development work would be required. 
I n  the power conditioning area there could be some component development desirable. 
The resonant converter requires low loss high voltage capacitors and a prototype would 
be us,?ful t o  determine loss characteristics, corona suscept ib i l i ty  and operational 
1 i f e .  Either large capacity FET power switches should bo developed; or, as an 
a1 terna t i  ve, c i r c u i t  arrangements fo r  large scale para1 1 e l  ing o f  current technology 
devices should be investigated i n  order t o  take advantage o f  the reduced switching 
losses that can be obtained by using such high speed devices. Other facets o f  power 
conditioning design which should be addressed are carona and the thermal problems 
result ing from the high power involved. 
This study has shown tha t  the ro ta ry  transformer using a reronant converter i s  
a feasible approach f o r  transferr ing power i n  the 100 KW regime across a ro ta t ing  
spacecraft interface. It i s  recommended tha t  a nwnber o f  topics be pursued i n  more 
de ta i l  ; these are: 
1 . Perform design study o f  paral 1 e l  p la te  ro tary  transformer and compare 
wi th concentric cyl inder approach. 
2. Investigate f e r r i t e  core m t e r i a l  s, epoxy adhesives, magnetic shunt and heat 
pipes f o r  ro ta ry  transformer. 
9 .  Investigate low-loss high-vol tage capacitors, FET power swi tches, c i r c u i  t 
paral 1 e l  ing, corona and thermal aspects of power conditioning electronics. 
4. Fabricate and t es t  a 10 KW ro tary  transformer and power conditioning 
el  ec t ron i  cs . 
Sl ip  Bing Capsule b s d l y  ?or Transfer- 
100 Rw of P m r  In Space 
&!s!?sL 
A s l i p  ring 'capsule assembly may be. used tc re l iably  ead effic- 
ient ly  transfer 100 IOJ of power i n  space. This can be accomplbhd by 
-using flight proven designs and materials. 
Background 
As part of NASA contract tiAS3-22266 on pawer -t technology, 
General Electric Space Systems asked that  Poly-Scientifk ewaluate tke 
feasibility of producing a s l i p  riag capsule aeMleb1y that oroald tr-far 
100Q;U of p w e ~  fo r  5 years. The capsule would operate in space aui turn 
one to  sixteen revolutions per day. To assist in their anal-, GE 
suggested that the capsule be design& in S l G I  sections. 
Design 
For purposes cf this analpie a s l i p  r ing capeule with no bore ha8 
been assumed. A edction was taken to be a pair of rings (porritlve md 
negative) and associated brushes. Poly-Scientific, f o l l a  a GB 
euggeetion, has aeeumed tha t  the operating voltage would be  400 VDC, 
thus each 25AW section would be required t o  carry 62.SA. The 100 KW 
capsule would have four posit ive r ings  at one end of the capeule and 
four negative rings a t  the other. The overall capsule would be &yllndrlcal 
i n  sha?e, approximately ll inches (280 mrp) long a d  5.5 iachee (140 em) 
In diameter. The average r ing pitch would be about 1 1/8 h c l m ~  (29 
am). Extra distance would be provided between higb aad bw voltage 
contacts. 
Each of the rings would hawe eight brushes that would operate at 
2 2 62.5 amperes/lrr (. 10 W m  ) . The brushee could carry wre than U O  
2 2 
amperdin (. 23 MA/m under emergency coaditioas. P-S bu teoted (1) 
2 2 this brush meterial for 2 years at 100 ampereudln (.I6 MA/m ). At the 
2 62.5 ampere/ in current'density, the coatact drop Joold be approximatalp 
O 090 volts (3). Thus, the t o t a l  power l o s t  in the lOOIM cquule due 
o posit ive and negative contact drop would be apprortlmtoly 45 watt. 
based on a brush coefficient of f r l c t h  of 0-2, the c a p a h  torque 
would be apprmhately 8 in-lbs (0.9 lb) The torque of tlm 
wadd be negligible compared to the amtect totqrre. Bum, h.CB 2SHd 
eecrim vUt contribute about 2 ie-Ibs (-2 W, 
The: catec t  meterials Fearrld be diver allape, Fhs rirrgmwerhl 
could be either coin silver (90 &J - 1OCu) or a bard siloar electro- 
- 
-deposit. The brush material wmld be a composite of silver, mlybdemm 
disulf  ide and graphite. Si lver  alloy rings and sllwer/tmolyBdemrPdisul- 
fide/g':q~hite brushes have been used successfully on mmy space programs. 
Most of the c ~ s ~ t e  ma erials l i s t ed  ua the attached Uet of 
space slip rings and Poly-Msts  a r e  s i l v e r / l ~ o l y b d ~ i s u l f t d e / g r a p h i t e  
composites, 
The weight of the 1OUW slip ring capsule is astipurted to be l3 lba 
(5 u). 
One must be aware tlmt 400VW: is above the minimum breakd~yp 
voltage of the  Paschen curve, This should present no problems urileeo 
the s l i p  ring assembly is t o  be operated at a local iatemal pressare 
greater than mrr. If operation above 10.' torr i a  required. the 
voltage should be less than 200 VDC t o  prepeat harmful electti& d-• 
In  f i ve  years of operation at 16 revolutions per dsp the broab wear 
w i l l  be very s l t gh t  (less than 0,0004 iaches). This ie baaed on a weas 
r a t e  of 2 x lo-' *bar, of b w h  vslr per M of travel (1). ~lu 
actual  wear r a t e  is expected t o  be much less then 2 X low9 (ems., 10-lo) 
a f t e r  the i n i t i a l  wear-in period. 
The production of a lOOKU slip ricg assembly is w e l l  within the 
capabil i ty of Poly-Scieatific (2). 
J+fl.ed~ 
Stephen R. Cole 
Senior Errgineer 
81 '3/8(: 
(1) Lewls, I. E., S. R. Cole, E. W. Glossbrenner, a d  C, B. Vest.  
"Friction, Wear and Boise of Slip Rfng and Brush Conracte for 
Syac.hroslws Satedlite Usen. Procesdh~s of the European Space 
~ i b o l o g ~  S y m ~ ~ ~ i u r ,  F ascati, Italy, April 9-11, 1925, 
(2) nPoly-Scientific's Role In  Space," B. U. G l o e s b m e r ,  Pobliebed 
by P-S for industry use, 1970. 
(3) Shobert, E.L., Carbon Bnrehes. The PPIpslcs and Cheristr~ of 
Sliding Contacts, C h d d  Publ ishlq Camwmp, F=-s 
1965. 
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CONCLUSIONS 
PART IV 
CONCLUSIONS 
Based on this Preliminary Design Development Study, the following 
conclusions can be made: 
1. A rotary transformer is a feasible device for transferring 
100 KW power across a rotating spacecrafe interface; 
no basic difficulities are forseen in transferring 
power up to 1 MW. 
2. The concentric cylinder (axial air-gap) is the preferred 
transformer configuration. 
3 .  There is no obvious advantage for using either resonant 
or non-resonant (square wave) circuitry for the power 
conditioning electronics. 
4. There is no advantage to for the -wwer conditioning to 
operate above 20 KHz; however, the rotary transformer 
would be smaller at higher frequencies. 
5. A rotary transformer will be larger and heavier than a 
brush-type slip ring. 
6. Power requirements for testing can be reduced by using 
the back to back transformer test technique. 
7. A model 10 KW, 20 KHz rotary transformer and power 
conditioning electronics wuold demonstrate tha rotary 
power transfer concept. 
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